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ABSTRACT

Koirala, Damodar. Ph. D., Purdue University, August 2016. Mass Spectrometric
Characterization of Remotely Charged Amino Acids and Peptides. Major Professor:
Paul G. Wenthold.
Ion–molecule reactions in a flowing afterglow are used to examine the
electronic structure of 3- and 4-pyridinylnitrene-n-oxide radical anions. Reactions with
nitric oxide are generally similar to those reported previously for other aromatic
nitrene radical anions. In particular, phenoxide formation by nitrogen–oxygen
exchange is observed with both isomers. Oxygen atom abstraction by NO is also
observed with both isomers. Very significant differences in the reactivity are observed
in the reactions of the two isomers with carbon disulfide. The reactivity of the 3-noxide isomer with CS2 is similar to that observed previously for nitrene radical anions,
and reactions of the n-oxide moiety are not observed, similar to what is expected based
on solution chemistry. The 4-n-oxide isomer, however, undergoes many reactions,
including oxygen atom and oxygen ion transfer and sulfur–oxygen exchange, that
involve the n-oxide oxygen. The increased reactivity of the oxygen is attributed to
increased charge density at the oxygen due to pi electron donation of the nitrene anion
in the para position.
The dissociation pathways of gas-phase amino acids with a canonical (nonzwitterionic) α-amino acid moiety are studied by using mass spectrometry.

xv
Investigation of the canonical amino acid moiety is possible because the ionized
amino acid has a charge center that is separated from the amino acid, and dissociation
occurs by charge-remote fragmentation. The negatively charged amino acid is found
to dissociate only by loss of NH3 upon collision-induced dissociation to form a
substituted α-lactone. The collision-induced dissociation spectrum of the positively
charged amino acid is complex with possibly 5 different fragmentation pathways. The
results on negatively charged amino acid, para-sulfonated phenylalanine (Phe*), show
that remote ionic groups can be used as mostly inert charge carriers to enable mass
spectrometry to be used to investigate the gas-phase physical and chemical properties
of different types of functional groups, including amino acids.
The b2 ion formed upon charge remote fragmentation of dipeptides, Phe*GlyOH and Gly-Phe*OH, is characterized using LCQ-Deca mass spectrometry.
Comparison with authentic samples confirmed the lack of diketopiperazine or
oxazolone on b2 ion and electronic structure calculation suggested that the b2 ion is
oxazolone-enol.

1

CHAPTER ONE: GUIDE TO DISSERTATION

1.1 Guide to Dissertation
Mass Spectrometer (MS) is a quantitative tool used to measure the mass-to-charge
ratio of ions. For more than a decades, our group has used a home-built flowingafterglow triple-quadrupole MS1,2 to characterize the electronic structure of nitrene
anions.3 Nitrenes are a fascinating because although isoelectronic to carbenes, they show
very different reactivity.4-6 Recently, our group has started to use a commercial LCQDeca MS7 to investigate the charge remote fragmentation8,9 of amino acids and dipeptides.
10

This thesis describes the gas-phase characterization of pyridine n-oxide nitrene,
and charge-remote fragmentation of amino acids and dipeptides using mass spectrometers
(MS) as an analytical tool. Chapter 2 features a literature review on the gas-phase
structure of the α-amino acids. It addresses the interactions present on low energy
conformation of gaseous amino acids and how the different side chains on amino acids
affect those interactions.
All the experimental results in this thesis were obtained from a home-built
flowing-afterglow triple-quadrupole MS,2 or a commercial LCQ-Deca MS.7 Chapter 3
has the detail explanation on different components of these instruments.

2
In Chapter 4, we report the investigation on reactivity of 3- and 4pyridinylnitrene-n-oxide radical anions with O2, CO2, NO and CS2. We discovered that
these isomer react differently only with CS2 where N-oxide of 4-PNO. participates to
yield CS2O- product. The dissimilarity in reactivity is attributed to the resonance structure
of 4-PNO. where charge is in N-Oxide, which is not possible in 3-PNO. isomer.
Chapters 5 and 6 describe the positive and negative charge-remote fragmentation
of phenylalanine, PheSO3 and PheNMe3+, respectively. Techniques like isotope
labelling, comparison with authentic sample and electronic structure calculations are
implemented to characterize fragmentation ions and neutrals. We discovered PheSO3
has a single fragmentation pathway whereas PheNMe3+ has multiple fragmentation
pathways. The discrepancy in dissociation of PheSO3 and PheNMe3+ has been attributed
to the possibility on rearrangements of PheNMe3+ prior to dissociation.
Chapter 7 focuses on the characterization of the b2 ions formed upon dissociation
of dipeptide containing para-sulfonated phenylalanine and glycine. We discovered these
dipeptides rearrange to common structure before fragmentation. Comparison with
authentic samples confirmed the lack of diketopiperazine or oxazolone on b2 ion and
electronic structure calculation suggested that the b2 ion is oxazolone-enol.
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CHAPTER TWO: REVIEW ON GAS-PHASE STRUCTURES OF AMINO ACIDS

2.1 Introduction
Amino acids constitute a class of organic molecules containing carboxylic acid (COOH) and amine termini (-NH2). One way to classify amino acids is according to the
location of core structural functional groups such as alpha- (α-), beta- (β-), gamma- (γ-)
or delta- (δ-) amino acids. The α-amino acids are of particular interest because they are
proteinogenic, meaning they constitute the building blocks of peptides and proteins.
Although amino acids are abundantly found in nature, proteins are constructed from a set
of 20 naturally occurring α-amino acids, Figure 2.1. The generic formula for an α-amino
acid is RCH(NH2)COOH where the amine group (-NH2) and variable side chain ( R ) are
attached to the α-carbon of the carboxylic acid group (-COOH). Proteinogenic amino
acids are indispensable agents of biological function since some proteins functions as
enzymes, some as antibodies, and others provide structural supports. In addition, these
amino acids may have non-protein functions as neuro-transmitters or as precursors of
important neuro-transmitters or hormones, Table 1.1. For these reasons, the intrinsic
properties of the 20 naturally occurring α-amino acids have attracted the interest of a
number of researchers over the past several decades. For simplicity, α-amino acid will
here with be referred to as AA.

5

Figure 2.1. Structure of naturally occurring 20 α-amino acids

6
Table 2.1: Significance of 20 α-amino acids
AA

Significance

Gly

Essential for the synthesis of nucleic acids, bile acids, and porphyrins.

Ala

Involves in the metabolism of the vitamin pyridoxine.

Val
Leu
Ile

Incorporate into poteins and enzymes to help dictate the tertiary structure of
the macromolecules.

Pro

Acts as a major component of the protein collagen and the connective tissue.

Ser
Thr

Play an important role in porphyrins metabolism.

Cys

Metabolisms of coenzyme A, heparin, biotin and lipoic acid.

Met

Initiates translation of messenger RNA.

Lys
Arg

Used at the active sites of enzymes.

Asn
Asp
Glu
Gln

Present outside proteins and enzymes interacting with the surroundings.

His

Responsible for the biosynthesis of neurotransmitter namely histamine.

Phe
Trp

Play key roles in the biosynthesis of neurotransmitters.

Tyr

Synthesis of thyroid hormones and melanin biological pigments.

The function of proteins and their multidimensional structures are highly
dependent upon the conformation of their constituent AAs. Therefore, the knowledge of
the shape and the conformation of AAs is of great interest in a variety of fields, ranging
from biology and chemistry to pharmacology and molecular modeling. AAs have been

7
studied extensively in the condensed phase 1-4 and in the solution 5-7 but less so in the gas
phase.8,9 AAs exist in equilibrium between a doubly-charged species of zwitterions (Z),
RCH(NH3+)COO-, and neutral canonical forms (N), RCH(NH2)COOH, Scheme 2.1.8,1013

They are predominately present as zwitterions in condensed phase due to the strong

electrostatic, intermolecular, and polarizing interactions with the environment. However,
the lack of these intermolecular interactions favors canonical forms of AAs in gas phase
8,9,13

. Since studies in condensed phases are affected by intermolecular interactions,

conformational preferences can be biased by the environment.14 The advantage of gasphase studies is that the gas-phase data can be contrasted with the theoretical models and
the molecules can be studied in detail with an optimized interplay between experiment
and theory.15

Scheme 2.1

Gas phase study of isolated AAs creates an opportunity to provide information on
the neutral canonical forms of AAs present in peptide side chains. In addition, the
inherent molecular properties are provided, free of the intermolecular interactions
occurring in the condensed phase where AAs are bipolar zwitterionic species. Although
the intrinsic properties of isolated AA are of great interest, understanding the role of
solvent is also equally important since biological molecules including proteins and AAs
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exist in solution in living organisms.16 Hence, AAs are studied in gas-phase either in
isolated form or with a controlled number of solvent molecules. In particular, because
AA-AA intermolecular interaction can be neglected, the effect of solvation on the
configuration of an AA can be compared between experiment and theory. Most of the
experimental and theoretical studies of these types are designed to determine AA
configuration in the presence of a known number of solvent molecules.8,17-21 The latest
review by Bouchoux10 covers the results regarding neutral AA configuration and basicity
in the gas phase. This review summarizes the experimental and theoretical findings on
low energy conformers of canonical AAs, as well as addressing the chemical
environment required for stability of zwitterionic structures.

2.2 Experimental Techniques
Several techniques have been implemented to study the conformations of
canonical AAs is gas phase. Samples are first sublimed into gas phase and then analyzed
using spectroscopic methods.
Conventionally, solid sample on a uniformly heated stainless steel surface parallel
to a high vacuum chamber where desired analysis can be performed. This heating method
has presented considerable difficulties on creating gaseous AAs due to the high melting
points and associated low vapor pressures of AAs. Nonetheless, conventional heating
method has been employed for the analysis of gaseous Gly11,22-24, Ala11,22,Val 11,25, Cys22,
Thr22, Met22, Pro11,25, Phe25, Ile25 and Leu25.
An alternative to conventional heating is laser ablation. In this method, the fast
desorption produced by the energy of a laser pulse prevents thermal decomposition
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normally caused by conventional heating. An Nd-YAG laser is used to ablate solid
samples, which are then seeded in the carrier gas and are expanded supersonically in an
analysis chamber.
Until the introduction of laser-ablation techniques, a gas-phase spectrum was only
available for solids with sufficient vapor pressure and thermal stability. Hence, there was
a lack of information on the structures of most AAs and microsolvation clusters due to
the vaporization difficulties associated with the aforementioned high melting points and
thermal instability. Several AAs like Gly, Ala26, Val16, Ile27, Leu28, Ser14, Cys29, Phe30,
Pro31,32, Thr14, Asp33 ,Asn30, Glu34, His35,Trp36, have now been studied in gas phase by
this means.
Several spectroscopic methods have been implemented to study gaseous
aminoacids. Microwave spectroscopy has been implemented Gly, Ala22,26, Val16, Ile27,
Leu28, Ser14, Cys29, Phe30, Pro31,32, Thr14, Asp33, Asn30, Glu34, His35 and Trp36 in gas
phase. Infrared spectroscopy has been used to study AAs like Gly22, Ala22, Thr22, Cys22,
Met22, Val25, Pro25, Phe25, Ile25 and Leu25. Raman spectroscopy

37,38

and electron

diffraction spectroscopy 39 also are implemented to study amino acids in gas phase.
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2.3 Computational Studies
Each experimental study is conducted along with a complementary
computational study. Computational studies are used to find the low energy conformers
of the AA and the desired parameter associated with them. For example, in case of
microwave spectroscopy, the rotational constants for several low energy conformers are
predicted computationally and compared with experimental results. Computational
studies assist on qualitative and quantitative analysis of conformations present in a
gaseous sample of the AA. 23,38,40,41
Although computational studies help to interpret the experimental findings, it can
easily mislead to a false conclusion. For instance, the results for gas-phase study of
canonical Met22,42 were interpreted based on the conformations that were later discovered
to be more than 10 kJ/mol above the most stable conformation. So the conclusions drawn
at that time are now invalid10.
On the other hand, a false conclusion could be drawn due to false or insufficient
experimental outcomes. For instance, the rotational constant obtained from the
microwave spectroscopy of Gly matched with the second most stable conformer of Gly
23,43

suggesting this is the stable conformation of Gly is gas phase. However, it was later

discovered that it was not possible to ascertain which conformer was the main one from
that investigation because the intensities of the microwave spectra strongly depend on the
magnitude of the dipole moment of the molecule and not on the abundance of the
conformer in the gaseous sample

12,44

. But with some modifications to the instrument, a

convincing result between experimental and theoretical studies of gaseous Gly
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conformers was drawn.45 Therefore, systematic experimental and theoretical studies are
essential to make a conclusive decision on preferred conformation of gaseous AAs.

2.4 Conformations of AAs in Gas Phase
AAs are very flexible molecules, and their conformational landscape is
characterized by a delicate balance of covalent and non-covalent interactions, which may
result in a large number of low-energy conformers.26 The most important interaction
present in gaseous AA is intramolecular hydrogen bonding. There are four common
intramolecular hydrogen bonding present in AA, Figure 2.2.10,16 They are: 1) between the
acidic hydrogen and the carbonyl oxygen, 2) between acidic hydrogen and neighboring
basic site, 3) between N-H hydrogen and carbonyl oxygen, and 4) N-H hydrogen and
hydroxy oxygen as shown in Figure 2.2. The combinations of these interactions create
three unique interactions namely types I, II and III as shown in Figure 2.2. These
notations are used throughout this review for classification of interaction present in AA.
The following section describes the structure of AAs based on the side chain.

Figure 2.2. The 4 kinds of possible intramolecular hydrogen bond in AAs
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2.4.1 Group 1: AA with R = H i.e. (Gly)
Gly is the simplest of all AA where the side chain is hydrogen. Due to its
simplicity, the structure of Gly has been studied extensively to build a general framework
on understanding the structure of other complicated AAs.11,12,19,23,24,42,44-54 Gly has three
internal rotational degrees of freedom: the rotation of the hydroxy group around the C1-O
bond (α), the rotation around the Cα-C1 bond (β), and the rotation around Cα-N bond (γ)
as shown in Scheme 2.2.

Scheme 2.2

The interactions shown in Figure 2.2 can be attributed to the rotation around C1-O
and Cα-C1 bonds. For C1-O bond rotation, conformations with O=C-O-H dihedral angles
closer to 0° ( also called cis) or 180° (also called trans) are significant since they favor
type 1 and type 2 hydrogen bonding shown in Figure 2.2, respectively. For Cα-C1 bond
rotation, conformations with N- Cα-C1-O dihedral angles closer to 0° or 180° are
significant since they favor type 4 and type 3 hydrogen bonding shown in Figure 2.2,
respectively.
The rotation around N-Cα determines the number of NH hydrogen involved in
type 3 or type 4 hydrogen bonding, which is defined by < Lp-N-Cα-C1 dihedral angle,
where Lp is the lone pair of electrons in nitrogen. When this dihedral angle is 180° (anti
or a), both hydrogens of amine can hydrogen bond whereas when this dihedral angle is
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+60° (gauche+ or g+) or -60° (gauche- or g-) only one hydrogen of amine can hydrogen
bond, Scheme 2.3.

Scheme 2.3

The five most stable conformations of Gly are shown in Scheme 2.4.
9,12,41,43,44,46,49,55

All calculations predicts conformation Ia, conformation with type I

(Figure 2.2) hydrogen bonding and anti orientation of < Lp-N-Cα-C1 (Scheme 2.6), as the
most stable form by ~0.5kcal/mol than the next closest conformation. However, the
stability of the other conformations depends on the level of theory and the basis set used
in the calculations. The comparison of the relative energies calculated at the HF and MP2
levels shows the former method overestimates the energy gap between GlyIa and the
other conformations. DFT calculations of the structure and relative stabilities of the Gly
conformers produced results very similar to the results of the MP2 method.
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Scheme 2.4

Types I and III conformations prefer anti (a) configuration of Lp-N-Cα-C1 since
this configuration allows a bifurcated hydrogen bonding between amine and carboxylic
acid. However, type II conformation prefers gauche (g) orientation of Lp-N-Cα-C1 since
this configuration allows the hydrogen bonding between acidic hydrogen and basic amine.
Although the most stable conformation of Gly predicted computationally has been
consistent, the experimentally determined conformation has varied. Brown et al.23 and
Suenram & Lovas43 are first two groups to independently report similar findings on the
experimental results of the conformation of gaseous Gly in 1978. They both detected the
microwave spectrum of gaseous Gly in a specially constructed cell maintained at a
temperature at which Gly has an appreciable vapor pressure (160-200 °C) while
minimizing the effects of decomposition.23,43 Their findings suggest GlyIIg is the most
abundant conformation, which is contradictory to the computational findings.
Furthermore, they were not able to identify any lines attributing to the lowest energy
conformation, GlyIa.
Suenram & Lovas45 further investigated gaseous Gly with a number of
improvements to their spectrometer, which provided improved sensitivity. In this study,
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they reported the good agreement on the experimental and theoretical rotational constants
for presence of GlyIa and GlyIIg. In addition, GlyIa was detected to be lower in energy,
by 490 cm-1, when compared to GlyIIg.
Although GlyIIg and GlyIIIa are predicted to have similar energies, there is no
sign on the presence of GlyIIIa in microwave spectroscopy experiment. Godfrey and coworkers41 stated that GlyIIIa species relaxes to the lower energy GlyIa due to rotation
around C-O bond, augmenting the total concentration of GlyIa in those studies. This can
be understood as the relaxation of GlyIIIa to lowest energy conformer, GlyIa, via a lowbarrier pathway. Since no such low-barrier pathway is available for the relaxation of
GlyIIg, this conformation is observed in these experiments 41,55.
The joint analysis of electron diffraction data and rotational constants performed
by Iijima et. al12 concluded GlyIa to be the main (~76 %) conformer and the rest being a
mixture of GlyIIg and GlyIIIa, although there is no substantial experimental evidence.
Similarly, experiments performed using other techniques have claimed the observation of
GlyIIg and GlyIIIa along with GlyIa10. In addition, Balabin38 recently reported the
presence of new conformer, GlyIg, along with GlyIa and GlyIIe, in an experiment
performed with jet-cooled, high sensitive, Raman spectroscopy. This is the only
experimental incident where the presence of GlyIg is reported.
In summary, 75% of gaseous Gly exists as Ia and the rest as a mixture of IIg, IIIa,
and Ig while experiment is performed in between 200-300K. Almost 100% of Gly will
exist as the main conformer GlyIa at extremely low temperatures, as in cool interstellar
space.12
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2.4.2 Group 2: AA with Aliphatic Side Chains
The five AAs in this category are Ala, Val, Leu, Ile and Pro. As name suggests,
AAs in this category have a hydrophobic aliphatic side chain where R contain just
carbon(s) and hydrogens. As in Gly, the conformational behavior of these AA can be
expected to be primarily governed by the intramolecular hydrogen bonding within the
AA backbone. However, the increase on size of the side chain complicates the
conformational landscape of the molecule considerably, resulting in a greater number of
plausible conformers27. For example, besides the free rotation discussed in Gly, rotation
around other C-C (for example Cβ- Cα) bonds would generate additional conformers
(Scheme 2.5).

Scheme 2.5

Ala is the most studied AA in this group, which is mainly due to its simple
structure with R=Me. The five most stable conformations of free Ala determined
computationally are shown in Scheme 2.6.50,56-59 The experimental studies performed on
gaseous Ala confirmed the presence of only two conformers, Ala1 and Ala2.26,39-41,60,61
The failure to observe other low-energy conformers given by electronic structure
computations is not surprising since similar results were observed for Gly, which is
attributed to vibrational relaxation.
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Although the methyl group of Ala has no effect on the lower energy configuration
when compared to Gly, the presence of a bulky isopropyl group in Val (R = CH (CH3)2)
could generate a much steric demand, which could affect the conformation of the AA
back bone of the molecule.16 Theoretical calculations predict three unstrained staggered
orientations of the isopropyl group which are unique structures with different energies.
Considering rotations around Cβ-Cα bond, three unstrained staggered rotamers are
present in Val (Scheme 2.5).
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Scheme 2.6

The five most stable conformers of a free Val determined computationally are
shown in Scheme 2.9.10,16 The conformational behavior of Val is in closest agreement
with smaller aliphatic neutral α-AAs like Gly and Ala. Affixing an isopropyl side chain to
the α-AA backbone does not alter the relative energies of the lowest energy conformers.
This observation indicates the relative stabilities of the AA skeleton are controlled by
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intramolecular hydrogen bonding.16 The experimental finding is also comparable to Gly
and Ala. Only Val1 and Val2 are observed in experiments, whereas the absence of other
conformers can be attributed to facile relaxation to lower energy conformers due to
rotation around the C-C bonds.16
As the chain length of side chain grows, the number of C-C bond rotations to
consider increases as well. In the case of Ile and Leu, configuration associated with CγCβ rotations as well as rotations in Val need to be considered. Due to this, the number of
possibly lower energy conformers appears in the PES of Leu and Ile will increase by a
factor of 3 compared to Val. The five lowest energy conformers of Leu and Ileu
determined computationally are shown in Scheme 2.6 as rotation around Cγ-Cβ bond. As
for smaller aliphatic AAs, the conformational behavior of Ile and Leu is primarily
governed by the intramolecular hydrogen bonding within the AA backbone. However,
the side chain orientation for the most stable conformation predicted computationally is
the same in Val and Ile but some differences appear on Leu. This can be attributed to a
minimization of steric repulsions within the side chain and the AA backbone since both
Val and Ile have two aliphatic groups connected to the beta carbon.28
Type I and type II configurations (Figure 2.2) are present in experimentally
studies of Leu and Ile with conformation with type I configuration being more stable than
that with type II configuration. This is consistent with the other aforementioned AAs. The
conformation with type I configuration is computationally predicted to be the lowest
energy conformation and is always the most abundant species in experimental results.
Moreover, the conformations with the type II configuration observed experimentally have
the same configuration due to rotation around Cβ-Cα and Cγ-Cβ bonds as for the lowest
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energy conformation with type I configuration. Even though experimental and
computational results show these similarities for AA’s with aliphatic side chains, it is
different in the case for Leu. Leu2 conformation is computationally predicted to be the
most stable conformer with type II configuration, but Leu3 is observed experimentally. It
is unclear why Leu3 is observed despite its higher energy, but it is clear that in
experimental studies, the same configuration (due to rotation around Cβ-Cα and Cγ-Cβ
bond) as in lowest energy conformation with type I configuration is preferred for
conformation with type II configuration.27,28
Pro is the only α-AA containing a secondary amino group as part of a flexible
five-membered ring. Pro is predicted to have lower energy when the five membered
pyrrolidine ring adopts an envelope conformation.31,42 The envelope conformation of the
ring can be endo-like (en) and exo-like (ex) with respect to the carboxy moiety. All three
types (I, II and III) of hydrogen bonding are possible in Pro but there is only one N-H
hydrogen involving in the formation of intramolecular hydrogen bond with lone pairs of
carboxylic acid oxygen’s. The combination of en and ex with I, II and III give total of six
possible conformations of Pro (only 5 of them is shown in Scheme 2.9). In fact, there are
six lowest energy conformations of Pro and all of these configurations can be
independently detected in gaseous Pro experiment. Unlike the type I configuration
observed in lowest energy conformation of aforementioned aliphatic AAs, Pro exhibits
type II configuration as primary interactions on controlling its stability. As previously
mentioned, the most stable conformer with type I configuration of other AAs has
bifurcated H-bonding of NH2 with O=C, which is not possible in Pro, but this does not
explain variation in inversion of stability of I and II, as in the case of Pro. A comparison
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can be drawn between Gly and Pro. The N-methylated Gly and N,N-dimethylated Gly
have same conformation preference as in Gly. However, the findings with Pro can be
attributed to a consequence of the torsional restrictions imposed by the five-membered
pyrrolidine ring inverting the stability. 10,31,42,62,63

2.4.3 Group 3: AAs with Oxygen or Sulfur on Side Chain
The four AAs in this category are Ser, Thr, Cys and Met. As discussed in previous
sections, the conformations of AA with non-polar side chains is mainly controlled by the
stabilization due to intramolecular hydrogen bonding between amino and carboxylic acid
groups present in the AA’s backbone. However, due to the polar side chains, the AAs in
this group have a new set of interactions present in them. Hydrogen on S-H or O-H can
interact with lone pair of nitrogen or oxygen of the backbone (e.g. S-H…O-H or
S…H…O=C), except for Met because it lacks a hydrogen on the sulfur. In addition, the
hydrogen on the acid and amine can interact with the loan pair of sulfur or oxygen of side
chain (e.g. O-H...S or N-H…S). These interactions will dramatically increase the number
of low-energy conformers. For example, there exists 51 conformational minima in PES of
Ser.64
The five low energy conformers of Ser, Thr, Cys and Met are shown in Scheme
2.7. It can be noted the low-energy conformations are mainly controlled by the
intramolecular hydrogen bonds established between the three polar groups (COOH, NH2
and S/O). In the case of Ser and Thr, the additional H-bonding between hydroxyl H and
amino group stabilizes the type I configuration. The carboxylic acid group stabilizes type
II and type III configurations. In the case of Cys, both type I and type II configurations
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with preferred hydrogen bonding between the carboxylic acid and thiol. In addition, the
most stable conformer in Ser, Thr and Met have type I configuration whereas Cys has
type II configuration.
Microwave spectroscopy studies have detected six conformers of Ser56,64, six
conformers of Cys29,56, and seven conformations of Thr14, which is significantly more
than observed for AA’s with aliphatic side chains. Furthermore, conformations with type
III configuration not detected for previously discussed AA’s have been observed for these
AAs. The lack of evidence of type III configurations in experimental studies have been
explained based on its relaxation to lower energy conformer of type I configuration due
to the low-energy barrier. However, the conformers with type III configuration observed
in case of Ser, Cys and Thr have the lowest energy in their family (compared to type I
configuration when every other dihedral angles are kept constant). In addition, the
relaxation from type III configuration to type I configuration has a higher energy barrier,
which hinders the relaxation. For example, the energy barrier for relaxation of Cys4 to
Cys1 is calculated to be approximately 700 cm-1. Hence, it is possible to detect
conformation with type III configuration for this group of AAs. The results obtained from
experimental studies on gaseous Met22,42,63 are on conformations situated more than 10
kJ/mol above the most stable conformers according to the predicted PES. Therefore, the
experimental detection of Met is avoided.10

Scheme 2.7
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2.4.4 Group 4: AAs with Amine Substituted Side Chain
The two AAs in this category are Lys and Arg. Due to their polarity, several lowenergy conformer of these AA can be expected since new intramolecular hydrogen bonds
are possible. In addition, the long flexible hydrocarbon chain can bend to favor these
interactions.

Scheme 2.8

There are five types of hydrogen-bonding configurations present in these AA:
(a) NH2…OCOH…NH2, (b) COOH…NH2…NH2, (c) H2N…HOCO…H2N,
(d) COOH…NH2 and (e) HOCO…H2N. However, due to the free rotation around all C-C
bonds, only the first two types are present for the five low energy conformers of Lys and
Arg shown in Scheme 2.8. It can be noted the lowest energy conformer of both Lys and
Arg has type II configuration, where –COOH is in the trans orientation. The first three
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lowest energy conformers of Lys have NH2…OCOH…NH2 and 4th and 5th conformers
have COOH…NH2…NH2 hydrogen bonding configurations where first NH2 is from the
AA backbone and second amine is from the side chain in both cases. In case of Arg, the
1st and 4th conformers have H2N…HOCO…H2N. The 2nd, 3rd and 5th conformers have
NH2…OCOH…N where the first NH2 is from AA backbone and second one is from side
chain in both cases and N is a nitrogen lacking hydrogen.65

2.4.5 Group 5: AAs with Carbonyl Substituted Side Chain
The four AAs in this category are Asp, Asn, Gln and Glu. Unlike previous
sections where polar side chains would interact with the polar backbone, AAs in this
section have a capacity to interact and form H-bonding within the side chain, which
increases the possible number of low-energy conformers on the PES.
The five low energy conformations of Asp, Glu, Asn and Gln are shown in
Scheme 2.9. All conformations of Asp and Glu have cis orientation of the COOH side
chain due to a 20 kcal/mol stabilization energy compared to the trans orientation. In
addition, all conformations have type II configuration of AA backbone and additional
hydrogen bonding with the side chain or they have type I configuration of AA backbone
for further stability.33 Since Asn and Gln have amine side chains, one hydrogen of amine
NH2 side chain form H-bond with acid of AA backbone and another with C=O of amide
in all cases. Interestingly, the most stable conformation of Asn adopts a ring like
structures due to presence of continuous hydrogen bonding.
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Scheme 2.9

2.4.6 Group 6: AAs with Aromatic Side Chain
The four AAs in this category are Tyr, Trp, Phe and His. These aromatic AAs
have ultraviolet radiation absorptions with large extinction coefficients. This feature is
often used as an ultraviolet marker for detection of these AAs, either separately, or
incorporated into proteins and enzymes, via ultraviolet spectrophotometry.
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Scheme 2.10

The presence of an electron rich aromatic ring in the side chain stabilizes the
structure by utilizing interactions between the polarized hydrogen and the pi-electron.
The five low energy conformers of this group are shown in Scheme 2.10.10,66-71 The most
stable structure has trans COOH with O-H … NH2 hydrogen bond, which is further
stabilized by interaction of NH2 hydrogen with the pi-system of the aromatic ring. This
stability is consistent for all AAs in this group.
The conformation of Phe is of great interest to our research group since we have
stated to study charge-remote fragmentation of Phe in MS.72 The formation preferences
of negatively and positively charged Phe, PheSO3 and PheNMe3+, are shown in Figures
5.1 and 6.2 of this thesis, respectively. The low energy conformations of PheSO3 are
similar to Phe where Type II conformation is preferred whereas the low energy
conformations of PheNMe3+ prefer Types I and III conformations.
This concludes the structure of canonical AAs in gas phase. The next section is on
stabilization of zwitterionic AA in gas phase.
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2.5 Stabilization of Zwitterionic AAs in Gas Phase
Zwiterionic isomers of AA have been proved to be unstable in the gas phase.
However, they can be stabilized in gas-phase clusters through solvation with water17,73,
methanol17, metal cation17,53, zeolite18, chloride17 and ammonium ion19. Because the
zwitterion formation is important for the structure, function and activity of biological
systems involving peptides, proteins and nucleic acids, knowing what conditions stabilize
the zwitterion is essential. Several theoretical and experimental studies are performed to
understand the effects of solvation on the relative stability of canonical and zwitterionic
conformers.
The recent theoretical study by Pathak17 predicts two solvent (water and
methanol) molecules or a single ion can sufficiently stabilize the zwitterionic form of all
α-AAs. A combination of experimental and theoretical study on Trp by Polfer et.al73
reported that water preferentially binds on the carboxylic acid group and the water
molecules strongly affects the relative energetics of different structural motifs.
One of the very first ab initio studies examining how the successive addition of
water molecule affects the chemical dynamic of ZN equilibrium of the AA Gly
performed by Jensen and Gordon.8 They studied the effect of solvation (by 1 and 2 water
molecules) on the transition state energy and enthalpy of ZN proton transfer (PT)
reactions. Even though the zwitterionic form of Gly does not exist in the gas phase,
calculations were performed on the isolated structure because it provides valuable
information about the intrinsic chemistry of this species necessary for a direct evaluation
of the solvent effect. They discovered 1, 2 and 3 unique zwitterionic minima in the PES
of bare, mono-hydrated and di-hydrated Gly, respectively.
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Since the only interaction present in Z0 (Gly Zwitterion with 0 water molecule) is
intramolecular hydrogen bonding, the proton transfer has to occur internally. The PT
reaction, Z0 N0, is calculated to be exothermic by 17 kcal/mol and the transition state
for this reaction is only 0.02 kcal/mol higher than Z0, indicating Z0 readily collapses to
N0. The destabilization of Z in the gas-phase has been attributed to the shorter (1.55 Å)
intramolecular hydrogen bond distance in Z0 than in N0 (1.97 Å) and to the fact the
proton affinity of COO anion is higher (by 129 kcal/mol) than the NH2.
The mono- and di-hydrated Gly can have either intra or intermolecular hydrogen
bonding which can assist the PT reaction. The Z1 conformers have a water molecule
bridging the COO and NH3+ groups. Intramolecular and intermolecular PT reactions are
calculated to be exothermic by 11.8 kcal/mol and 10.4 kcal/mol, respectively, with no
barrier for both mechanisms. It is apparent one water molecule is not enough to stabilize
the zwitterionic form of Gly. However, for the PT reaction of Z2 N2 is calculated to be
exothermic by 6.3 kcal/mol with a positive barrier of 1.9 kcal/mol. Furthermore, Z2
structure with intermolecular hydrogen bonding, and not with only intramolecular Hbond, is the stable one. Hence, the study concludes two water molecules can stabilize Gly
zwitterionic structure in the gas-phase and the electrostatic interaction (H-bonding)
between water and the AA is essential for the stability of this structure.
Several theoretical and experimental studies have been performed since then to
determine how many water molecules are necessary to stabilize the Z conformer of
AAs.8,21,51,59,65,73-75 The zwitterionic structures of Arg, Asp acid, Asp, Cys, Phe, Ser, Thr
and Tyr can be stabilized by as few as one water molecule.17 The common feature among
them, with the exception of Phe, is a polar side chain. Interestingly, the other AAs with
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polar side chains such as Glu, Gln and Lys, and with nonpolar side chain such as Ala, Gly,
His, Ile, Leu, Met, Pro, Typ and Val require two molecules of water to stabilize the
zwitterionic structure.17 The zwitterionic forms are stabilized by the formation of
hydrogen bonding interactions with water molecules. In general, the negative end of the
solvent dipole orients toward the basic site of AA and the positive end towards the acid
site of AA.17
Both theoretical and experimental studies carried out to examine the relative
stability of the canonical and zwitterionic forms as a function of the number of
microsolvating water molecules indicated that the effects of microsolvating water
molecules depend highly on the structure of AAs. Although most AAs require 4-5 water
to stabilize their zwitterionic conformers molecules those with strongly basic side chains
such as Arg and Lys may need fewer water molecules.

74,76

Val is at the opposite side to

these latter AAs in the effects of side chain.20,53 The isopropyl side chain is highly
nonpolar, and is neither acidic nor basic. Val is a normal AA in its behavior towards the
effects of microsolvating water molecules, in contrast to other AAs such as Arg and Lys
whose zwitterions were predicted to become stable under the influence of fewer number
of water molecules due to side chains of strong basicity.20
In addition, calculations for the Arg-H2O system predicts the zwitterionic Arg be
thermodynamically more stable than the canonical form in the gas phase under the
influence of a single water molecule because of the strongly basic guanidine side chain.74
Canonical conformers of Arg-H2O are found to isomerize to the zwitterionic forms via a
small barrier (∼6 kcal/mol).74 In contrast to other AAs for which more water molecules
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are required to stabilize the zwitterion, in case of Arg three water molecules are enough
because of the strongly basic side chain.

2.6 Conclusion
This chapter summarizes conformational landscape of the 20 α-amino acids in gas
phase. The intramolecular hydrogen bonding mainly stabilizes the conformation of
canonical amino acid in gas phase. Zwiterionic isomers of AA have been proved to be
unstable in the gas phase, which exist predominately in the condensed phase. However,
they can be stabilized in gas-phase clusters through solvation with water, methanol, metal
cation, zeolite, chloride and ammonium anion.
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CHAPTER THREE: EXPERIMENTAL APPROACHES

3.1 Introduction
A general overview of the experimental setup and theoretical procedures used in
this thesis are presented in this chapter. Experimental results presented throughout this
thesis are obtained from two mass spectrometry (MS) instruments; namely, flowingafterglow triple-quadrupole and LCQ-Deca MS. The flowing afterglow,1 Figure 3.1, is a
homebuilt instrument and LCQ-Deca is a commercial instrument of Thermo Scientific.2
Both of them contain an ion source, mass analyzer and detector, which are common
features of all MS instruments.1,3-7 Chemical compounds are first ionized in the ion
source region. These ions are then transferred to the low-pressure chamber, containing
the mass analyzer, where they are manipulated and discriminated based on mass/charge
(m/z) ratios by electro-magnetic fields. Finally, they are detected and the generated signal
is processed to produce a mass spectrum.6 Our goal in this chapter is to address how these
features are adopted in each of our MS and to specify the methods used to generate data
presented in this thesis. More detailed descriptions of the flowing afterglow1,5 and LCQDeca2 have been provided elsewhere.
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3.2 The Flowing-Afterglow Triple-Quadrupole Mass Spectrometer
All experiments described in chapter four of this thesis were conducted using a
flowing afterglow triple-quadrupole mass spectrometer. This section is divided in three
sections; describing the ion source, the mass analyzer and the detector implemented in the
flowing afterglow triple-quadrupole MS.

Figure 3.1. The flowing-afterglow triple-quadrupole mass spectrometer.

3.2.1 The Ion Source
The flowing afterglow MS utilizes electron impact ionization method to generate
ions of interest. Historically, electron impact ionization, also known as electron ionization
(EI), was the most commonly used ionization method to create gas-phase ions for a wide
range of organic molecules.6,7 When an electron hits a neutral molecule, it may eject an
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electron to produce positive ions or combine to form negative ions. Negative ions may
also be formed by dissociative attachment.1
This instrument uses an electron gun consisting of a rhenium metal filament to
emit free electrons when resistively heated. The electrons formed in an ion source are
attracted toward the metal mesh where 70 eV of biased potential is applied. In addition,
there is a continuous flow of dry, helium, carrier gas through an inlet situated adjacent to
the electron gun (Figure 3.1). The helium gas has two purposes: 1) to thermalize the
electrons and 2) to carry electrons downstream for electron ionization.1,5
Ions are synthesized in a one-meter-long flow tube in the gas phase (Figure 3.1).
The mixture of He and electrons are pumped downstream of the flow tube due to a
pressure gradient created by a roots blower vacuum pump. There are six inlet ports on the
flow tube through which vapors of compounds are introduced into the tube and ions are
generated by electron impact ionization. In addition, gas-phase ion-molecule reactions of
the ions residing in flowing helium can be studied by adding reagents like O2, CO2, NO
and CS2 from ports located further downstream on the flow tube.8,9 Furthermore, the flow
tube possesses kinetic rings to introduce a neutral reagent vapor at a calibrated flow rate
and then measuring the extent of reaction.
EI can be applied to volatile samples only because the sample has to be in the gas
phase before electron can ionize it. EI is an endothermic process and if the internal
energy of the compound is less than the energy deposited, the molecule fragments, which
obscures the m/z information of the analytes. Due to this reason, it is categorized as a
hard ionization method.6,7,10 The problem of fragmentation has been overcome by
chemical ionization (CI), a method using gas-phase chemical reactions to produce ions
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with little to no fragmentation.8,11 All the ions studied in Chapter four are generated by EI.
However, the flowing afterglows the capability for CI is also limited to volatile and
thermally stable organic compounds, and needs to be performed in a low-pressure
atmosphere.
The first step in CI is to form reagent ions by EI, which are then reacted with a
molecule to produce ions of interest. The most useful reagent ions in a negative ion mode
include F- and OH-, which is mainly because these ions are very basic and can easily
deprotonate analytes to form anions of interest. The reagent ions, F- can be created by EI
of fluorine gas and OH- from a 2:1 mixture of methane and nitrous oxide, respectively
(equations 3.1 and 3.2).

(3.1)

(3.2)

3.2.2 The Mass Analyzer
The next region of the flowing afterglow instrument is a triple quadrupole mass
analyzer, which is differentially pumped at 10-6-10-7 Torr by two diffusion pumps. This
section of the instrument is separated from the flow tube by a molybdenum disk held at a
~1-2 V attracting potential. A small amount of gaseous ions produced in the flow tube are
sampled through a 1 mm orifice in a nosecone and are focused to the mass analyzer
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region by a set of four lenses. The analyzer in the flowing afterglow is a beam type,
where the ions enter and pass through the analyzing field to the detector as a beam,
consisting of three axially aligned quadrupoles. In addition, there are lenses before
(entrance lens) and after (exit lens) the second quadrupole to help focus and guide ions in
and out. The first quadrupole (Q1) can be used to scan a range of m/z (scanning mode) or
to isolate a single m/z (single ion mode). When Q1 is used in scanning mode, the second
(q2) and third (Q3) quadrupoles are used to transfer all ions with no m/z discrimination.
If Q1 is used in the single ion mode, then the ions selected in Q1 can be fragmented in q2
by colliding it with an inert target gas (Ar) or reacted with reagent gases. The first
process is called collision-induced dissociation and the second process is referred to as q2
reactivity. During CID, Ar is dispenses at a pressure of ~150 uTorr with ~10 V of q2 pole
offset. Whereas, q2 reactivity is performed by dispensing reagent gases at a pressure of
~100 uTorr with q2 pole offset close to 0 V to prevent fragmentation. In these processes,
Q3 is used as the mass analyzer. The fragments formed from CID experiments help to
interpret structure of a molecule and q2 reactivity is used to verify the reaction products
observed in the flow tube.

3.2.3 Ion Detection Region
The detector in the flowing afterglow consists of a conversion dynode and an
electron multiplier. The negative ions coming out of Q3 are attracted by the conversion
dynode’s accelerating potential of +1500 V. These ions strike the inner walls of the
electron multiplier and eject electrons. The ejected electrons travel down the funnel
shaped electron multiplier and produce a cascade of electrons resulting in a measurable
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current proportional to the intensity of the ion. Finally, the signal is collected using the
Q50 software where a mass spectrum is obtained.

3.3 The LCQ-Deca Mass Spectrometer
All experiments described in chapter four, five and six of this thesis were
conducted on LCQ-Deca Mass Spectrometer. This section is divided in three sections;
describing the ion source, the mass analyzer and the detector implemented in the LCQDeca.

3.3.1 The Ion source
The LCQ-Deca uses electrospray ionization (ESI) to produce ions of interest. ESI
is one of the several methods, which ionizes non-volatile and thermally instable
compounds. It also creates little to no fragmentation and is categorized as a soft
ionization method.4,6,7,12-14 However, this method requires compounds to be soluble in
polar solvents like water, methanol, and acetonitrile.14 Generally, a dilute analyte solution
is injected through a hypodermic needle or stainless steel capillary. A very high voltage
(2–6 kV) is applied to the tip of the metal capillary, which causes the dispersion of the
sample solution into an aerosol of highly charged electrospray (ES) droplets. The droplets
are nebulized with a nonreactive gas (usually dry N2) to create a fine spray in which
solvent evaporation occurs as the droplets traverse the atmospheric interface, introducing
molecular ions into the analyzer.4,13 However, the actual mechanism for generating gasphase ions via ESI differs depending upon the analyte in question.
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Ions in the LCQ-Deca are transferred from solution to the gas phase through an
ESI probe. The ESI probe includes sample tube, spray needle, sheath and auxiliary gas
inlets, and nozzle. Solution enters the ESI probe through the sample tube into the spray
needle. The sample tube could be a stainless steel or a fused-silica tube. In our instrument,
0.1 mm ID X 0.19 mm OD fused-silica sample tube is used. The sample tube is located
inside the metal spray needle, where a large negative or positive voltage (typically ±3 to
±5 kV) is applied. This allows the solution to be sprayed into a fine mist of charged
droplets. An ESI nozzle directs the flow of N2, as a sheath and an auxiliary gas, at the
droplets. Sheath gas is an inner coaxial nitrogen gas helping nebulize droplets into a fine
mist as it exits the nozzle. The auxiliary gas is the outer coaxial nitrogen gas assisting the
sheath gas in the nebulization and evaporation of sample solutions. For the experiments
reported in this thesis, the auxiliary gas is not used and a sheath gas flow rate is set in
between 20-30 units of instrumental parameter.

3.3.2 The Mass Analyzer
Located in between the ion source and mass analyzer are a heated capillary, a tube
lens and ion optics. The heated capillary is a heater-embedded metal tube with a hole
bored through the center of its long axis. Ions are drawn into the heated capillary in the
atmospheric pressure region and are transported to the capillary-skimmer region of the
vacuum manifold by a decreasing pressure gradient. Hence, the heated capillary assists in
further desolvating the ions. Ions exiting the heated capillary are focused and accelerated
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toward the tube lens due to the offset voltage applied on the lens. The tube lens also
serves as a gate to stop the injection of ions into the mass analyzer during ion detection.
Ions from tube lens pass through the skimmer and enter the ion optics region. The
skimmer acts as a vacuum baffle between the higher pressure (1 Torr) and the lower
pressure ion optics regions (10-3 Torr). The ion optics consist a quadrupole, a lens and an
octapole. The quadrupole and octapole act as a transmission device to guide the ions to
the mass analyzer. The lens located in between assists in the focusing ions during the
injection and gating of ions during mass analysis. When a supplemental DC voltage is
added to the overall voltage gradient across the ion path, the non-selective ion
fragmentation occurs, which is called source CID. We have employed source CID in
several occasions to improve the intensity of the secondary ions, which can be studied
later in the mass analyzer.
The mass analyzer in the LCQ-Deca is a quadrupole ion trap, which utilizes a
three-dimensional field to trap ions.6,7,14 The quadrupole ion trap (QIT) is similar to the
quadrupole mass analyzer (QMA) present in flowing afterglow. Whereas a QMA has
electric fields in two dimensions (x and y) and the ions move perpendicular to the field
(the z direction), the QIT has the electric field in all three dimensions, which can result in
ions being trapped in the field.6,7 Ions with a stable trajectory through the quadrupole are
detected in QMA, whereas the ions with unstable trajectories get ejected from the trap
and are detected in QIT.15
The QIT in Deca includes three stainless steel electrodes: two of those are endcap
electrodes, known as the entrance and the exit, the third is a hyperbolic ring situated
centrally between the end-cap electrodes to form a cavity. The two quartz spacer rings
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serving as electric insulators separate these electrodes. Ions are injected to the mass
analyzer cavity via a small opening in the entrance end cap electrode. Helium is used as a
dampening gas inside the ion trap, due to its ability to cool the ions without inducing
fragmentation. The ions are focused to the axis of the cavity due to dampening and are
trapped due to the RF voltage applied in the ring electrode. A resonance ejection RF
voltage is applied to the endcaps of the mass analyzer to minimize space charge effects in
the mass analyzer. When an ion is to be ejected from the mass analyzer cavity, it is
brought towards the frequency of the resonance ejection RF voltage. The application of
resonance ejection increases resolution because ions of a specific m/z leave the trap in a
more condensed manner.
An ion of interest can be isolated in QIT of LCQ-Deca by ejection of other ions
out of the trap. The ions with different m/z have different oscillatory frequencies in the
ion trap so can be separated. The ion isolation waveform voltage, which consists of a
distribution of resonance frequencies corresponding to unwanted ions, is applied to the
endcaps to eject all ions except those of a selected m/z. Thus isolated ions can be excited
by applying a resonance excitation RF voltage to the endcaps, which creates energetic
collisions of ions with the background helium gas and cause parent ions to fragment into
product ions. However, the resonance excitation RF voltage is not strong enough to eject
an ion from the mass analyzer. Therefore applied voltage can be tuned to get desired
fragmentation. Sequences of isolation followed by fragmentation then isolation again can
be performed for MSn experiment.
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3.3.3 Ion Detection Region
The detector in the LCQ-Deca consists of a conversion dynode and an electron
multiplier. Ions are attracted toward the conversion dynode due to applied offset voltage
and produce secondary particles when ions hit the surface of the dynode. These
secondary particles are focused and are accelerated by a voltage gradient into the electron
multiplier. Secondary particles from the conversion dynode strike the inner walls of the
electron multiplier and eject electrons. The ejected electrons travel down the funnel
shaped electron multiplier and produce a cascade of electrons. It results in a measurable
current proportional to the intensity of the ion. Finally, the signal is collected using the
Xcalibur data system where a mass spectrum is obtained.
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CHAPTER FOUR: THE FLOWING AFTERGLOW STUDY OF PYRIDINE N-OXIDE
NITRENE RADICAL ANIONS

4.1 Introduction
Nitrenes are a fascinating class of electron-deficient and highly reactive
intermediates. They have a nitrogen motif with two bonding and four non–bonding
electrons in valence shell which are isoelectronic to their carbon analogues carbenes.
Nitrenes are nominally sp-hybridized with two electrons in the lower energy sp-orbital as
a pair, whereas the remaining two electrons can be oriented in two available p-orbitals in
four different ways as illustrated in Scheme 4.1. Although isoelectronic, nitrenes and
carbenes show very different reactivity.1-3 For example, both phenylcarbene (PhC) and
phenylnitrene (PhN) can be generated by photolysis of nitrogen containing precursors,
and are generated in the lowest energy singlet state. The initially formed closed–shell
singlet PhC can rapidly undergo intersystem crossing (ISC) to form a ground state triplet
which shows clean bimolecular reactivity. ISC is not favorable for PhN, so PhN
undergoes unimolecular reaction via lowest energy singlet resulting in forming of
polymeric tar when reacted with alkene, alcohol, and aromatic compounds.1,4
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Scheme 4.1

There are several studies carried out in the reactivity of nitrenes and their study
has led to many important mechanistic ideas,

1,4-6

however, only few studies of nitrene

radical anions have been reported. In addition, many of these studies are focused on the
use of the anions as precursors for photoelectron/photodetachment spectroscopy studies
of the corresponding nitrenes.7-11 Nitrene radical anions are formed when an electron is
added to nitrene. The PhN shown in Figure 4.1 can have two PhN¯ radical anions. Beside
sp-hybridezed electrons, PhN¯ consist of three electrons in two non-bonding molecular
orbitals, an in-plane σ orbitals and a π orbital (Scheme 4.2). The electronic structures of
phenylnitrene anions have been discussed in the context of photoelectron10,11 and
photodetachment7-9 spectroscopy studies, and have been examined by electronic structure
calculations. These studies have shown that the ground state of PhN is π2σ, with the σ2π
state lying approximately 0.5eV higher in energy.
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Scheme 4.2

Benzoylnitrene radical anion, BzN, has been examined computationally and
experimentally.12-14 Like PhN, the ground state of BzN is predicted to be π2σ, but the
relative energy of the σ2π state (28 kcal/mol) is predicted to be much higher than that in
PhN, reflecting a greater preference for the carboxylate–like anion over having the
charge localized on a nitrogen σ orbital. Chemical reactivity of the BzN is consistent
with the open–shell structure like in PhN, in particular, reaction with NO results in
radical–radical coupling to give a net nitrogen/oxygen exchange, leading to the formation
of benzoate anion (eq 4.1).

(4.1a)

(4.1b)
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Here, we investigate the reactivity of the 3– and 4–pyridinylnitrene–n–oxide
radical anions, 3PNO and 4PNO respectively.

These are interesting isomers to study because they contain the moieties of two
well characterized compounds: phenylnitrene anion (PN) and pyridine–N–oxide (PO).
PN contains the unusual hypovalent anionic nitrene, whereas PO has a persistent
zwitterionic N–oxide moiety. In addition, PO can nominally be viewed as an electron–
acceptor, but the adjacent oxide can act as a π donor, such that the electronic effect of the
N–oxide is dependent on the extent of stability afforded by electron donation or
acceptance (Figure 4.1). However, the resonance effect of the N–oxide is greatest at the
2– and 4–position, and not at the 3–position. Hence, 4PNO can be expected to be more
stabilized than 3PNO due to position of nitrene. Moreover, for 4PNO, there are two
types of stabilization that can be envisioned to result from interaction between the nitrene
radical anion and the N–oxide, shown in Figure 4.1. In the π2σ state, the pyridinium can
serve as an electron pair acceptor, and the system can potentially be stabilized by
contribution from the quinone–like structure. Similarly, the σ2π state can be stabilized by
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radical delocalization, creating a highly stable nitroxyl radical. Electron delocalization in
either state is such that it eliminates the formal charge separation of the n–oxides, which
could provide additional stabilization.

Figure 4.1. Resonance effect due to N-Oxide motif (Left) and
the resonance structures of the π2α and α2π states of 4PNO (Right)

We have carried out a computational study of the electronic structures of 3PNO
and 4PNO, and an experimental investigation of their reactivity. Surprisingly, despite
the possible interactions between the nitrene radical anion and N–oxide in 4PNO, we do
not find significant differences in the computed electronic structure or reactivity of the
two isomers in the reaction with O2, CO2 and NO. However, a dramatic difference
between the ions is found in the reaction with CS2, as the 4–isomer undergoes reactivity
that is not observed for the 3–isomer, attributed to differences in accessibility of the oxide
end of the ion toward reaction.

The results indicate that the resonance interaction
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between the nitrene anion center and the n-oxide increases the nucleophilicity of the
oxygen in the n-oxide moiety.

4.2 Computational Detail
Structures and energies of the 2 and 2 states of 3PNO and 4PNO, NO, CS2
and possible reaction products were calculated at the B3LYP/6-31+G* level of theory.
Reaction energies correspond to differences in electronic energies between reactants and
products, and are not corrected for zero-point energies or thermal energy differences.
Calculations were carried out by using QChem,15 using the resources of the Center for
Computational

Studies

of

Open-Shell

and

Electronically

Excited

Species

(iopenshell.usc.edu).

4.3 Results
The 4PNO- and 3PNO- radical anions are formed in high yields by dissociative
electron attachment to the corresponding azides (eq 4.2).
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The azidopyridine-n-oxide precursors were prepared and supplied by our
collaborator James S. Poole from Ball State University. The synthesis and
characterization of these samples used in this work has been reported previously in
several occasions.6,16-19 The most significant impurity observed in these experiments
(with both isomers) is an ion with m/z 92, which is presumably the non-oxidized
pyridinylnitrene radical anion. The relative intensity of the m/z 92 ion is variable from
day to day, but decreases with time during the course of experiment run, indicating it
most likely results from ionization of a non-oxidized azidopyridine impurity.
Single point energies calculated at B3LYP /6–31+G* suggests that both isomers
have π2σ electronic ground states but 4PNO is more stable by 2.3 kcal/mol than 3PNO.
This electronic ground state is consistent to other aromatic nitrene radical anions like
benzoylnitrene radical anion. The σ2π states of 4PNO and 3PNO is 13.5 kcal/mol and
15.0 kcal/mol higher in energy than π2σ of 4PNO. The small difference in energy, 1.5
kcal/mol, between σ2π states of 4PNO and 3PNO reflects there is no significant
resonance effect, stabilization or destabilization, of the N–oxide in 4PNO as expected
(Figure 4.1).

4.3.1 Reactivity Studies
Reactions of 3PNO and 4PNO with O2, CO2, NO and CS2 are studied. When
reacted with O2 and CO2 both isomers produce a single peak at m/z 140 and at m/z 152
respectively. Upon CID, both of these product yield m/z 108 corresponding to the
molecular ion hence m/z 140 and m/z 152 are assigned to be O2 and CO2 adduct
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respectively. Benzoylnitrene radical anion was found to be unreactive with CO2.13
Besides forming adducts and reacting differently with CO2 as compared to
benzoylnitrene, there is not much we could grasp on electronic structure from reactivity
of 3PNO and 4PNO with O2 and CO2.On the other hand, reactivity study of 3PNO
and 4PNO with NO and CS2 would help to interpret the electronic structure of
nitrenes.5,13
The results of reactivity studies of ions 3PNO and 4PNO with NO and CS2 are
shown in Table 4.1. Overall, there are no measurable differences in the rates of the
reactions for the two isomers. The efficiencies of the reactions with NO (approximately
0.2) are much higher than those found for reaction with CS2, but similar to that reported
previously for the reaction of NO with BzN (eff = 0.15).13 Although there are no
differences in the reaction rates for the two isomers with these reagents, there are very
large differences in the observed products. In the sections below, we consider the
differences in the products that are formed.
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Table 4.1: Reaction Efficiencies and Product Branching Ratios for Reactions of 3PNO
and 4PNO with NO and CS2
reagent

result

NO

Effa

CS2

Ion assignment

m/z 138
m/z 110
m/z 82
m/z 80
m/z 61

[M+NO] –
[M+NO–N2] –
[M+NO–N2–CO] –
[M+NO–N2–NO] –
[M+NO–C3H3–N2]–

m/z 92

[M+NO–NO2] –

Effa
m/z 186
m/z 64
m/z 32
m/z 58
m/z 124
m/z 92

[M+CS2] –
S2–
S–
SCN–
[M+CS2–CSO] –
[M-O] –

3PNO–

4PNO–

0.21

0.20

<1%
44%
21%
20%
14%

18%
82%
Nb
Nb
Nb

Yc

Yc

0.03

0.02

83%
15%
<1%
2%
Nb
Nb

77%
15%
<1%
2%
7%
Yc

a

Reaction efficiency, which corresponds to kexp/kADO
Not observed for this isomer.
c
Product is observed in Q2, but the flow tube branching ratio cannot be determined due to
the presence of impurities
b

4.3.1.1Reaction with NO
With nitric oxide, both 3PNO and 4PNO are observed to undergo N-O
exchange, similar to what is observed with PhN and BzN.13 Many additional products
are observed for the reaction of 3PNO with NO, but, as shown Table 1, they are
assigned to secondary fragmentation of the phenoxide anion. Possible product structures
are shown in eq 4.3. A notable difference in the reactivity of 3PNO and 4PNO with
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NO is that reaction with 4PNO leads to significant amount of adduct ion, whereas only a
trace is observed with 3PNO. NO addition was not reported for either PhN or BzN,13
and is generally associated with reactions of closed-shell anions.5,20 Unfortunately, the
structures of the NO adducts are not known. However, charge distribution calculations
reported below find that there is more charge on the oxygen in 4PNO than in 3PNO,
which raises the possibility that the difference in the extent of adduct formation is due
4PNO forming an adduct at the oxygen, as opposed to at the nitrogen.

Both n-oxide anions are found to react with NO by oxygen atom transfer to form
the pyridinylnitrene radical anion, as shown for 4PNO in eq 4.4.

Although the

branching ratios for these reactions in the flow tube cannot be determined due to the
presence of impurity ions, they were verified as products by using the reaction of NO
with mass-selected ions in Q2.
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If the NO BDEs in 3PNO and 4PNO are similar to that in pyridine-n-oxide
(approximately 72 kcal/mol),21 then the oxygen atom transfer reaction would be
essentially thermoneutral. Alternatively, given that the reaction is carried out in Q2,
albeit under very low energy conditions, the oxygen atom transfer could be slightly
endothermic and translationally driven.

4.3.1.2 Reaction with CS2
Although the rates at which 3PNO and 4PNO react with CS2 are similar, there
are significant differences between the reaction products. In particular, some products
observed with 4PNO involve loss of the oxygen atom, and these products are not
observed with 3PNO. One product involving the oxygen is observed at m/z 124, which
is 16 Daltons higher than the reactant. The most likely assignment for this product is that
it arises from addition of sulfur and loss of oxygen, i.e. a sulfur-oxygen exchange. The
resulting products would be the n-sulfide and carbonyl sulfide, OCS.
The ion signal at m/z 92 is also likely due to reaction involving the oxygen. As in
the reaction with NO, we are unable to quantify the yield of the m/z 92 product due to
background presence of the pyridinylnitrene radical anion. However, considering 4PyN
is also observed to react with CS2, it appears that m/z 92 is, in fact, formed in relatively
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high yield (comparable to the yield of S2). This is also indicated by the results on “clean”
days, where the mass spectrum includes minimal amounts of the impurity. The formation
of m/z 92 in the reaction of 4PNO with CS2 was also confirmed by using mass-selected
ions in Q2.
The identity of the m/z 92 is not known unequivocally. Although the ion with m/z
92 could be the pyridinylnitrene radical anion, there is a second possibility. The ion
CS2O is isobaric with the pyridinylnitrene radical anion, and could, in principle be
formed by oxygen-anion transfer with 4PNO, as shown in eq 4.5.

Our experimental results suggest both structures are present. Evidence for the
formation of CS2O comes from the isotopic distribution of the product. Figure 4.2
shows a mass spectrum of 4PNO taken on an exceptionally clean day (with minimal m/z
92 contamination), with and without the addition of CS2. The background signal of m/z
92 in the spectrum is less than 10 kcps. However, upon addition of CS2, the signal
increases to nearly 100 kcps. Most importantly, the signal at m/z 94 also increases, to
nearly 8% of the m/z 92 signal, which agrees well with the value of 9% expected for
CS2O. Therefore, the M+2 isotope peak indicates that there is sulfur present in the m/z
92 ion.

60
However, reactivity evidence suggests the presence of 4PyN as well. Figure 4.3
shows the mass spectra for reaction of m/z 92 ion, formed by reaction of 4PNO with CS2,

with NO. The formation of m/z 94 is clear evidence for the presence of a nitrene

radical anion, 4PyN.

Figure 4.2. The m/z 92 region of the mass spectra of 4PNO before (dashed) and after
(solid) addition of CS2
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Figure 4.3. The m/z 92 region of the mass spectra of 4PNO reaction with CS2 (dashed)
and after addition of NO (solid)

Computationally, both reactions are computed to energetically favorable. At the
B3LYP/6-31+G* level of theory, the formation of CS2O and the triplet pyridinylnitrene
(eq 4.5) is computed to be exothermic by 72 kcal/mol, or more than 3 eV! For oxygen
atom transfer, there are multiple thermochemically accessible pathways. Direct transfer
to form CS2O (eq 4.6a) is computed to be exothermic by 7.7 kcal/mol. A second
pathway, shown in eq 4.6b, involves the formation of CO + triplet S2, and is computed to
be exothermic by 9.9 kcal/mol.
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Deoxygenation of teritiary-amine-n-oxides in solution22-24 has been proposed to
occur by a mechanism such as that shown in Scheme 4.3, leading to the formation of the
dithiiranone as in eq 4.6a. In solution, the dithiiranone can be hydrolyzed to CO2 +
HSSH22 or can be utilized as a sulfur transfer reagent25 .

Scheme 4.3

In the gas phase, the reaction of oxygen atom with CS2 gives CS + SO as the
major products.26 However, CO has also been observed in the reaction, 27 indicating that
CO + S2 is a possible decomposition pathway of CS2O. In fact, CO + S2 is energetically
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the most favored pathway26 but is slow because there is a slight (6.6 kcal/mol) barrier26
for the initial formation of CS2O. However, this barrier can be overcome in the reaction
of CS2 with 4PNO by the energy released upon formation of the initial ion/molecule
complex in combination with the oxygen atom transfer exothermicity. Therefore, oxygen
atom transfer to form CO and S2 products should be able to occur for 4PNO. Formation
of CS + SO is approximately 3 eV less favorable26 than formation of CO + S2 and is
therefore highly endothermic in the reaction of 4PNO with CS2.
As noted above, sulfur-oxygen exchange is also observed in the reaction of CS2
with 4PNO. The mechanism of sulfur-oxygen exchange likely involves a first step
similar to that for oxygen atom transfer, addition of the oxygen to the center carbon of
CS2, as shown in Scheme 4.4. However, instead of forming the disulfide bond as in
dithiiranone formation, a N-S bond is formed.
A small amount of NCS product is observed in the reaction of CS2 with both
3PNO and 4PNO. NCS has been observed previously in reactions of CS2 with closedshell, nitrogen-based anions,5,28,29but has not been reported previously for reactions of
open-shell anions. The mechanism is presumably similar to that shown in Scheme 4.4,
although occurring at the nitrogen. The other products observed with CS2 (S, S2 and
CS2 adduct) are similar to those observed previously with nitrene radical anions.13
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Scheme 4.4

4.3.1.3 Comparison of Isomers: Oxygen Nucleophilicity
There are significant differences in the reactions that occur between ions 3PNO
and 4PNO and CS2.

Specifically, 4PNO undergoes sulfur-oxygen exchange and

oxygen-atom and/or oxygen-anion transfer reactions that are not observed with 3PNO.
The common feature of these reactions is that they all involve initial nucleophilic attack
of the oxygen in the anion at the carbon of the carbon disulfide. The fact that 4PNO
undergoes reaction at the oxygen whereas 3PNO does not reflects important differences
in their electronic structures.
The best example that illustrates the electronic structure differences between the
ions is the oxygen-transfer reaction with CS2. Although carbon disulfide is known to
deoxygenate tertiary-amine-n-oxides,22 the reaction is generally not observed with
aromatic-n-oxides. Therefore, the lack of oxygen transfer with 3PNO is consistent with
the expectation that the substituent in the meta position does not interact with the n-oxide
moiety. Similarly, the nitrene anion para to the n-oxide can serve as a -donor, as shown
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in Figure 4.1, which makes the oxygen in the 2 state more nucleophilic. Hammett
analysis of the deoxygenation of aniline-n-oxides in solution has shown22 that the
reaction is favored by strong electron donating substituents, which increase the
nucleophilicity of the oxygen. Apparently, the nitrene radical anion is such a strong electron donor that it even enables oxygen transfer in the normally inert aromatic-noxides.
The difference in the reactivity cannot be attributed to differences in overall
thermochemistry for the reactions. All of the reactions observed for 4PNO are also
computed to be exothermic for 3PNO, although they don’t occur. For example, the
sulfur-oxygen exchange reaction observed for 4PNO (Scheme 4.4) is computed to be
exothermic by 45 kcal/mol. Similarly, the sulfur-oxygen exchange reaction for 3PNO is
computed to be exothermic by 37 kcal/mol, but does not occur at all. Therefore, the
difference in reactivity is more likely due to kinetic differences that result from
differences in electronic structure.
The increased nucleophilicity of the oxygen in 4PNO apparent in the reactivity
studies is consistent with the computed charge distributions in the 2 states. The
B3LYP/6-31+G* computed Mullikin charges at the heavy atoms in 3PNO and 4PNO
are shown in Figure 4.4.
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Figure 4.4. Calculated Mullikin charge distributions in 3PNO, 4PNO and pyridine-noxide. Charges on hydrogen have been summed into the heavy atoms.

Although both ions have increased charge density at the oxygen than is found in
pyridine-n-oxide there are some differences in charge densities at the carbon atoms, the
most significant difference is for the oxygen, where the calculated charge is larger in in
4PNO than in 3PNO, which accounts for the increased reactivity at that site. Increased
reactivity at the oxygen accounts for the observation of either oxygen atom (eq 4.6) or
oxygen ion (eq 4.5) transfer with
As suggested above, the difference in the charge density at the oxygen may also
account for the difference in the extent of adduct formation with nitric oxide. This is
most likely the case if the adduct is an electrostatic complex. However, as noted, the
structure of the adduct is not known. Aside from the extent of adduct formation, there is
little difference in the reactivity of with nitric oxide. The differences in the observed
products can be attributed to differences in the ability of the resulting phenoxide ion to
fragment.
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4.4 Conclusion
The reactivity of 3PNO and 4PNO, particularly with CS2, show that there are
significant differences in their electronic structures, which can be understood as resulting
from the resonance interaction between the nitrene anion and the n-oxide moiety in
4PNO, and the lack thereof in 3PNO. In the 2 state, the monovalent nitrogen anion
is a strong  electron donor, which increases the charge density on the oxygen, as shown
in Figure 4.2. The result is consistent with the conclusions based on condensed-phase
studies that oxygen atom transfer is favored by -donors.22 However, the reaction has not
been observed previously for aromatic n-oxides. This work shows that oxygen atom
transfer for aromatic n-oxides can occur with sufficiently strong  donors.

The

differences in the electronic structures of 3PNO and 4PNO do not result in differences
in reactivity with NO, although there are differences in the stabilities of the resulting
products.
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CHAPTER FIVE: MASS SPECTROMETRIC STUDY OF THE DECOMPOSITION
PATHWAYS OF CANONICAL AMINO ACIDS AND α-LACTONES IN THE GAS
PHASE

5.1 Introduction
The significance of amino acids to the world around us, and to life itself, cannot
be overstated, and, therefore, it is not surprising that their structures, properties, and
reactivity are exceptionally well-characterized, at least in solution. However, owing to
their general lack of volatility, much less is known about the structure and reactivity of
amino acids in the gaseous state.

Gaseous amino acids are rare, but would be highly

significant if reports of interstellar glycine, 1,2 for example, can be confirmed. In a more
practical sense, the gas phase serves as a reasonable approximation for a low dielectric,
hydrophobic environment, and so investigation of the gas-phase (solvent free) properties
of amino acids provides insight into the structures of amino acids in lipid membranes.3
Finally, regardless of any biological significance, results of studies of gaseous amino
acids can be compared to those for substituted carboxylic acids to determine, inter alia,
the effect of the amino group on the gas-phase structure and reactivity.
One of the most important differences between gaseous and condensed-phase
amino acids is that, because charge separation is unfavorable in the gas phase, the
solvent-free molecules will not have zwitterionic structures, Z, like those in condensed
phase, but will have non-ionic, canonical (C) structures instead.4-7 In fact, zwitterionic
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structures of gas-phase amino acids are so unexpected that many mass spectrometric
studies have been carried out to try to elucidate those factors, such as solvation or ionpairing, that can lead to stable ionic structures in various amino acids.8

Recent advances in spectroscopic methods in the last decade have provided more
detailed insight into the gas-phase structures, including details of the modes of internal
hydrogen bonding.9-11 The challenges in these experiments are two-fold: on one hand,
because the spectroscopy experiments generally require a good chromophore for
ultraviolet absorption, they work best for amino acids with aromatic side chains.
However, those amino acids are among the less volatile, and therefore creating gaseous
samples is difficult. Smaller, aliphatic amino acids are more volatile, but lack a good
chromophore to facilitate resononace-2-photon absorption, which is generally required
for these types of experiments. It is a testament to modern spectroscopic technology that
we do have spectra for both aromatic and aliphatic amino acids.12-15

Gas-phase

photoionization of aliphatic amino acids has also been reported.16
Amino acids have been extensively studied using mass spectrometry.

The

development of ionization techniques like electrospray ionization (ESI), matrix assisted
laser desorption ionization (MALDI), and desorption electrospray ionization (DESI) has
made the desorption and ionization of non–volatile substrate, like AA, possible allowing
characterization using mass spectrometry (MS). However, in these studies, the amino
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acids are typically ionized in some way, such as via protonation or metallation to create
positively-charged ions, or by deprotonation to form negatively-charged ions.
Consequently, the properties of ionized amino acids investigated by using mass
spectrometry are generally not comparable to those of the “neutral” (zwitterionic or
canonical) amino acids. Here we describe an investigation of canonical amino acids by
using “charge-remote fragmentation,”

17,18

where dissociation of an ion occurs, as the

name suggests, at locations remote from the charge site. Charge-remote fragmentation is
commonly used as an analytical tool to determine the structures of biological molecules.
Lipids17,18 are particularly amenable to this technique, as they fragment in the
hydrocarbon chains.

However, charge-remote fragmentation has also been used to

examine structures of other biologically relevant molecules such as drugs and their
metabolites and peptides.17,18
Adams and Gross19 have proposed that charge-remote fragmentation, where the
charge does not participate in the fragmentation, is analogous to thermolysis of the gasphase neutral molecule. If this is true, then it may be possible to use charge-remote
fragmentation electrosprayed ions as an alternative to pyrolysis in order to study the
gaseous decomposition of otherwise non-volatile organic molecules. In this study, we
examined sulfonated phenylalanine, PheSO3, a sulfonate anion with a separate canonical
amino acid moiety.
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The gas-phase reactivity of amino acids is similarly poorly known. The lack of
volatility of amino acids has made even nominally simple experiments such as gas-phase
pyrolysis exceedingly difficult, and these experiments generally require generation of the
amino acid in situ by pyrolysis of appropriate volatile precursors. For example, Chuchani
and co-workers20 reported that they could examine the pyrolytic dissociation of amino
acids generated by decomposition of the corresponding ethyl ester derivatives (eq 5.1).
By using this approach, they found that N-substituted glycines, such as N,N-dimethyl-,20
N-phenyl-21 and N-benzylglycines,22 for example, dissociate by loss of CO2, as shown in
eq 5.1, in the gas phase. In contrast, Al-Awadi and co-workers found that gaseous Nphenylalanine does not undergo decarboxylation upon pyrolysis, but dissociates into
aniline, CO, and acetaldehyde, as shown in eq 5.2,23 in a process that is similar to what is
commonly observed for α-substituted carboxylic acids (eq 5.3).24-36
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By using mass spectrometry, we have examined the decomposition of the gaseous
amino acid, PheSO3, which contains a sulfonate charge and a canononical -amino acid.
We show that PheSO3 dissociates initially by fragmentation of the amino acid by the
pathway shown in eq 5.3 to form the α-lactone, and direct decarboxylation (eq 5.1) is not
observed. The α-lactone product is found to fragment by decarbonylation, as expected
(eq 5.3) but is also found to undergo decarboxylation to form the styrene product.
Electronic structure calculations find that the presence of the sulfonate charge has little
effect on the energetics of these dissociation pathways, indicating that the results can be
fairly interpreted as representative of what would happen with the non-ionized derivative.

5.2 Experimental
Experiments were carried out using a commercial LCQ-DECA (Thermo Electron
Corporation, San Jose, CA) quadrupole ion trap mass spectrometer, equipped with
electrospray ionization (ESI). Ions were introduced by spraying dilute aqueous solutions
of commercially available substrates, except for the cis-cinnamic acid and 4(acryloyloxy)benzenesulfonate, which were synthesized as described below; solution
details are provided as Supporting Information. Electrospray and ion focusing conditions
were varied so to maximize the signal of the ion of interest. Dissociation of ions can be
carried out during ion injection by using high injection voltages, or can be carried out by
using MSn experiments with mass-selected ions in the cell, with the helium buffer serving
as the collision target. Reactant ions for CID were isolated at qz = 0.250 and with a masswidth sufficient to avoid off-resonance excitation of the mass-selected ions. The energy
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of collision-induced dissociation (CID) in the cell is reflected in the “normalized collision
energy,” which ranges from 0 – 100%.

5.3 Synthesis

5.3.1 (Z)-4-(3-ethoxy-3-oxoprop-1-en-1-yl)benzenesulfonate
(deprotonated ethyl 4-sulfo-cis-cinnamate)
A solution of ethyl diphenyl phosphoacetate (0.16 g, 0.50 mmol) in THF (30 ml)
was treated with Triton B (0.27 ml, 0.60 mmol) at -78 °C for 15 min. A solution of psulfonated benzaldehyde (0.12 g, 0.60 mmol in 5 ml MeOH) was then added dropwise,
and the resulting mixture was stirred at -78 °C for 1 hr. The reaction was quenched with 5
ml of D.I water. ESI mass spectra of the crude product indicated a mixture of m/z 255
(the sulfonated ethyl cinnamate) and m/z 249, which is assigned to a (PhO)2PO2 byproduct. NMR of the crude mixture in D2O contained doublets at 6.0 and 6.98 ppm (J =
12.4 Hz), which could be assigned to the cis-cinnamate based on comparison with
previously reported cis-structures. In contrast, the clearly observed NMR peak for the
authentic trans isomer is a doublet at 6.49 ppm with J = 15.4. From the NMR spectrum
of the cis-sample, we estimate a cis/trans ratio of about 98:2, consistent with the
selectivities obtained previously using this procedure. The ethyl ester was introduced
into the mass spectrometer by electrospray and converted to the carboxylic acid by CID,
and elimination of ethylene.
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5.3.2 4-(acryloyloxy)benzenesulfonate (PASO3)
4-(acryloyloxy)benzenesulfonate was prepared by mixing 1 mL of 4hydroxybenzenesulfonic acid sodium salt dihydrate with 3 mL of acryloyl chloride
(CH2=CHCOCl). The neat mixture was stirred for about 15 minutes at 35º, and 1 mL of
(i-Pr)2Net was added. The solution was stirred approximately 15 minutes, after which
one drop of the crude mixture was added to 1 mL of a 50/50 mixture of water and
methanol and examined by ESI mass spec. The main products observed in the mass
spectrum of the crude mixture are the hydroxybenzenesulfonate, a product with m/z 253,
which is likely HO3SC6H4SO4, and a product at m/z 227, which is the phenyl acrylate.

5.4 Computational Methods
Amino acid conformations were surveyed by using the Monte Carlo Multiple
Minimum search method, with the MMFFs force field, as implemented in MacroModel
(version 9.6).37 Multiple starting conformations were utilized, including canonical and
zwitterionic structures, to improve the chances of finding the key low energy structures.
All of the unique conformations calculated with the MMFFs force field to be within 100
kJ/mol of the lowest energy structure were identified and used as starting points for
B3LYP/6-31+G* geometry optimizations.
Stationary points were confirmed to be minima or saddle points from the
computed vibrational frequencies. Reported energies are electronic energies, computed
at the MP2/6-311+G** level of theory at the B3LYP geometries, designated MP2/6311+G**//B3LYP/6-31+G*, unless noted, and are not corrected for zero-point energies
or thermal energy contributions.

The larger basis set is used to provide a good
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description of the van der Waals interactions and polarization of charge. Calculations
were carried out using QCHEM version 4.038 and Gaussian.39

5.5 Results
The mass spectrum of an aqueous solution of PheSO3, shown in Figure 5.1a, is
very clean, with essentially only peaks corresponding to PheSO3. Considering the large
difference in a acidities of sulfonic and carboxylic acids,40 it is not surprising that the
sulfonate structure, depicted as PheSO3, is computed (B3LYP/6-31+G*) to be more
than 20 kcal/mol more stable than the carboxylate structure, similar to what has been
reported previously for sulfated peptides.41 Although mixtures of ion isomers have been
found for amino acid anions when the acidities of the different groups are similar,42,43 the
large difference in the acidities of the carboxylic and sulfonic acids should result in an
ion that consists of a sulfonate charge with separate amino acid moiety. Although the
extent of interaction between the charge and the reactive group is always a question in
these studies, the distance to the charge is too great for any significant interaction to
occur. In addition, the saturated carbons that separate the amino acid from the ring
prevent any conjugative interactions with the charge.
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Figure 5.1. a) ESI and b) CID mass spectra of PheSO3 . The CID for spectrum was
carried out with a normalized collision energy of 25%.

Calculations have been carried out to determine the structure of PheSO3 in the
gas phase.

A conformational search identified more than 20 unique low-energy

conformations (within 50 kJ/mol of minimum) of the ion, and all but one which have
canonical structures.

Qualitative depictions of the 5 lowest energy canonical

conformations and the lowest energy zwitterionic structure are shown in Figure 5.2.
Figure 5.2 also shows the relative energies of each stationary point, optimized at the
B3LYP/6-31+G* level of theory. The most stable conformation has the carboxylic acid
moiety anti to the aromatic ring, with a hydrogen bond between the –OH proton and the
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amine nitrogen. Indeed, the anti-conformation, when possible, is generally preferred for
the structures examined in this work. The conformation with the –COOH and aromatic
ring gauche is higher in energy by about 2.5 kcal/mol. Alternate hydrogen bonding
arrangements, such as NH- or OH to carbonyl oxygen, or NH to hydroxyl hydrogen, are
higher in energy by more than 4 kcal/mol. The most important conclusion from this
computational survey is that the lowest energy zwitterionic structures are significantly
higher in energy than the lowest canonical forms. Figure 5.2 also shows that the relative
energies are similar whether using either DFT or ab initio methods.

Figure 5.2. Low-energy conformations of the amino acid moiety of PheSO3 and their
relative energies, in kcal/mol, computed at the B3LYP/6-31+G* and MP2/6-311+G** (in
parentheses) level of theory.

5.5.1 Dissociation of PheSO3
The CID spectrum of PheSO3 is shown in Figure 5.1b. The major fragments
observed are readily assigned as resulting from dissociation of the canonical amino acid
backbone. In particular, the main dissociation processes all involve loss of NH3 to form
an ion with m/z 227, which subsequently fragments by loss of either CO, to form m/z
199, or CO2, to form m/z 183. That the m/z 183 and 199 ions come from the M-NH3
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anion is confirmed by two additional results. First, although m/z 183 and 199 are major
products observed at the energy used for CID in Figure 5.1b, the M-NH3 ion is the only
product observed at very low energies, consistent with a sequential dissociation. Second,
CID of the isolated M-NH3 anion, generated either by CID during the ESI injection stage,
or by CID in the course of an MS/MS/MS experiment, verifies that it dissociates by loss
of CO and CO2 in a nearly 1:1 ratio as observed in Figure 5.1b. Therefore, the loss of
NH3 is the only pathway that can be uniquely assigned to PheSO3. Direct loss of CO2,
which has been found previously for pyrolysis of gas-phase amino acids (eq 5. 1),20 is not
observed upon activation of PheSO3.
Although the structure of the M-NH3 product is not known, the most likely
products to consider are those that are stable products formed by minimal rearrangement.
Therefore, the most likely products are either a cis- or trans-cinnamic acid (CASO3), an
α-lactone (αLSO3) or the phenyl acrylate (PASO3). Other products are possible but
would require more extensive rearrangement.
CID of deprotonated phenyl alanine is known to result in formation of cinnamic
acid.44-46 Similarly, dissociation of PheSO3 by elimination across the ethylene backbone
would result in the formation of a cinnamic acid, CASO3, as shown in eq 5. 4. However,
multiple lines of evidence argue against the cinnamic acid. First, ammonia loss from d3labeled PheSO3, formed by H/D exchange using a mixture of D2O/CD3CO2D as the
solvent, occurs by loss of ND3 only, and loss of ND2H, NDH2 or NH3 is not observed to
any detectable extent at any collision energy.
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This rules out the possibility rules out elimination across the backbone as shown
in eq 5.4. It is also evidence against other, more complicated rearrangement processes
involving non-amino acid portions of the molecule. However, cinnamic acid formation
from PheSO3 does not require dissociation across the backbone.
mechanism, as shown in eq 5.5, proceeds via a zwitterionic intermediate.

An alternate
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Therefore, we have examined the CID behavior of authentic trans- and ciscinnamic acids to compare with the product obtained from PheSO3.

For this

experiment, sulfonated trans-cinnamic acid was formed by ESI of an aqueous solution of
the commercially available sulfonyl chloride, and the cis-cinnamic acid was formed in
situ by CID of the corresponding ethyl ester. A comparison of the CID spectra of the m/z
227 product obtained from PheSO3 and the authentic cinnamic acids, measured with a
normalized collision energy of 34%, is shown in Figure 5.3. Whereas all ions lose CO2
as the major fragmentation pathway, significant differences are evident. For example, the
CASO3 ions do not lose CO to any appreciable extent, and lose only SO2 (to form m/z
163) in addition to losing CO2. Moreover, although the m/z 183 ion that corresponds to
PheSO3-NH3-CO2 is found to lose SO2 upon CID (vide infra), the CASO3

ions

undergo facile loss of CO2 and SO2 to form m/z 119 in much higher yield than is found
for the M-NH3 ion. Finally, although the authentic CASO3 ions dissociate by loss of
CO2, they do so only at energies much higher than those needed for dissociation of
PheSO3. The amounts of the m/z 163 and m/z 119 products observed in Figures 5.3a,
5.3b and 5.3c indicate that CASO3 constitutes at most about 5% of the M-NH3 product.
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Figure 5.3. CID spectra of m/z 227 ions obtained a) by CID of PheSO3, and from
sulfonated b) cis and c) trans cinnamic acid

As shown in eq 5.6, the zwitterionic intermediate could also rearrange through
nucleophilic attack at the ipso-position followed by a Grob-like fragmentation to give
PASO3.

84
NH+3
O
_
SO3

O
_

O

O
+ NH3

(5.6)

_
SO3
_
PASO3

Although PASO3 is likely a relatively stable product, it can be ruled out for
multiple reasons. First, it is inconsistent with the CID results, in that it cannot readily
lose either CO or CO2. Second, formation of the phenyl acrylate would require a highenergy, non-aromatic transition state (vide infra). Ultimately, the formation of PASO3
was ruled out by using an authentic sample.

The primary dissociation pathway of

PASO3 is loss of the acryloyl group (CH2=CHCO) to form the phenoxyl radical, loss of
CO or CO2 does not occur at all. In contrast, formation of the α-lactone is consistent with
all of the data. Formation of the lactone, either by a concerted loss of NH2H or through
a zwitterionic intermediate (eq 5.7) involves loss of only the exchangeable protons, and is
therefore consistent with the results for the deuterated ions.
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Loss of CO like that observed here is a well-known decomposition pathway for αlactones,24-36 and therefore loss of CO from the M-NH3 anion is consistent with the
presence of the α-lactone.

Although decarboxylation is generally not considered a

decomposition pathway for that type of structure, it is not unprecedented,47

and

computational studies described herein predict that it is expected to occur for αLSO3.
Based on these results, we conclude that the M-NH3 ion found upon CID of
PheSO3 is most likely the α-lactone, αLSO3. Although α-lactones are nominally highenergy reactive species, they have previously been proposed as products in the CID of substituted carboxylates in mass spectrometry experiments,48-51 which is essentially how
it is shown being formed via the zwitterion in eq 5.7. The difference between the
previous studies and this work is that the α-lactone formed upon charge remote
fragmentation of PheSO3 is ionic, and therefore detectable by mass spectrometry.
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Previous studies of halogenated carboxylates

48-51

have inferred α-lactone structures

based on the observation of halide products.

5.5.2 Dissociation of the α-Lactone, αLSO3
As described in the section above, the PheSO3 - NH3 product, assigned to be the
α-lactone (αLSO3), dissociates by loss of either CO or CO2. Loss of CO from αlactones is well-known and predicted to occur with a barrier of about 28-30 kcal/mol52 to
form the corresponding aldehyde or ketone (eq 5.3). The CO-loss product obtained upon
CID of αLSO3 in this work is found to undergo further dissociation by loss of 29 mass
units, which we assign to HCO as shown in eq 5.8.

Dissociation to form the benzyl radical product, BzSO3, is also observed upon
CID of control substrates, such as sulfonated phenylpropionic acid or phenethylamine (eq
5. 9), and so it is not surprising that it is also observed for the aldehyde.
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The loss of CO2 has not been reported previously for the gas-phase decomposition of αlactones, although it has been found to occur, along with decarbonylation, upon
photolysis of the bis-n-butyl-substituted α-lactone in solution,47 forming the olefin (eq
5.10).

By comparing CID spectra of the m/z 183 product with an authentic sample, we
have confirmed that the product formed upon decarboxylation of αLSO3 is similarly the
corresponding styrene (eq 5.11).

88
In summary, we have found that the dissociation of the gas-phase amino acid,
PheSO3, results in formation of an α-lactone, αLSO3, which dissociates by
decarbonylation to form the aldehyde, and by decarboxylation accompanied by hydrogen
shift to form the styrene.

5.6 Discussion
The results described in the previous section are the first studies of the
dissociation of a simple (non-N-substituted), canonical amino acid in the gas phase. The
dissociation pathway for the amino acid is similar to that observed previously for
substituted alanine23 and other substituted carboxylic acids,24-36 but is very different from
what has been reported for glycine derivatives.20-22

The difference in dissociation

pathways between glycine and alanine derivatives has been noted previously22 but has not
been explained satisfactorily.
That the decomposition of PheSO3 involves only the amino acid moiety and not
the SO3 group is evidence that the sulfonate charge does not participate in the
dissociation processes. Fragmentation of the SO3 group is not even observed for any of
the dissociation products, except for the sulfonated styrene shown in eq 5.11, which
dissociates by loss of SO2. Therefore, the experimental results indicate that the sulfonate
group is serving extensively as a charge carrier, and does not significantly affect the
possible dissociation pathways. Although the dissociation pathway, loss of NH3, is the
same as what is found for deprotonated phenylalanine,44-46 the product formed with that
ion is deprotonated cinnamic acid. Control experiments in this work show that cinnamic
acid is not formed upon dissociation of PheSO3.

The mechanism proposed for
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deprotonated phenylalanine44-46 involves intramolecular proton transfer to the carboxylate
and subsequent proton transfer to the amine, and therefore the charge center is
extensively involved in the process.

The lack of formation of cinnamic acid with

PheSO3 suggests the charge center is not participating in the dissociation process.
Deprotonated tyrosine also undergoes CID by loss of ammonia,53 possibly via the
phenoxide ion.
Electronic structure calculations predict that the sulfonate charge does not have a
large effect on the energies of the reaction pathways for PheSO3. A comparison of the
relative energies of observed and other possible products in the dissociation of PheSO3
and neutral phenylalanine, Phe, calculated at the MP2/6-311+G**//B3LYP/6-31+G*
level of theory, are shown in Table 5.1. Table 5.1 shows that the relative energies for all
of the possible dissociation products for PheSO3 and Phe are very similar, with
differences for the primary process of less than 3 kcal/mol.

Table 5.1. Computed Reaction Energies for Dissociation Pathways of PheSO3 and Phea
Products
Amino acid (reactant)
ArCH2C(CO)CH + NH3 (α-lactone, eq 5. 7)
ArCH=CHCO2H + NH3 (trans cinnamic acid,
eq 5. 4)
ArCH2CH2NH2 + CO2
ArCH2CHO + CO + NH3
ArCH=CH2 + CO2 + NH3
ArOC(O)CH=CH2 + NH2
a

Relative Energies
Phe
PheSO3
0.0
47.0
17.7

0.0
44.6
16.4

1.1
34.9
15.9
39.4

-4.6
31.9
11.4
39.0

Electronic energy differences between products and the amino acid reactants, computed
at the MP2/6-311+G**//B3LYP/6-31+G* level of theory.
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5.6.1 Amino Acid Dissociation
A potential energy surface for the dissociation of PheSO3, shown in Figure 5.4,
provides insight into the product selectivity. Because CID is a kinetic process, the most
important features of the potential energy surface are the activation barriers. Therefore,
we have calculated the barriers for NH3 and CO2 loss from PheSO3 and Phe at the
MP2/6-311+G**//B3LYP/6-31+G* level of theory. Despite multiple attempts, we could
not find any transition states that directly connect the canonical structure of the amino
acid with the expected deamination or decarboxylation products. However, insight into
the mechanism was obtained from multidimensional potential energy surface
calculations. We find that loss of NH3 or CO2 occurs effectively by dissociation of the
zwitterionic structure, in that proton transfer from the carboxylic acid to the amino-group
occurs very early in the process at energies well below those required for dissociation.
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Figure 5.4. Calculated energetics for the dissociation of PheSO3 (X = SO3) and Phe (X
= H). Values correspond to electronic energies and geometries calculated at the MP2/6311+G**//B3LYP/6-31+G* level of theory a) not a stable geometry; corresponds to an
amino acid geometry the same as that for zwitterionic PheSO3; b) computed utilizing a 3
kcal/mol barrier for the reverse reaction, obtained from a relaxed surface scan; see
Supporting Information.

Loss of NH3 from Phe to form the α-lactone is estimated to have a barrier of about
3 kcal/mol higher than the reaction energy, about 46 kcal/mol. The mechanism for
ammonia elimination involves an intramolecular SN2 reaction (eq 5.12), where the
carboxylate displaces the amine leaving group in the zwitterionic structure. Therefore,
the dissociation of PheSO3 to form the α-lactone is analogous to the elimination
reactions of α-halocarboxylates that have been reported previously.50,54-60 In an ab initio
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study, Davidson and co-workers61 found that there is no barrier in excess of the
dissociation energy for formation of the α-lactone from chloroacetate, whereas a small
barrier was calculated for the zwitterionic structure of Phe in this work.

The barrier for elimination of NH3 to form the cinnamic acid, not shown on Figure 5.4, is
calculated to be 68 kcal/mol, which accounts for why that process does not occur.
However, given that charge remote fragmentation is analogous to pyrolysis, that
cinnamic acid is not formed is not surprising considering that pyrolysis of alkylated
amines does not occur by concerted elimination of NH3, but results in the formation of
imines.62 Similarly, we have calculated the barrier for formation of the phenyl acrylate,
PASO3, as shown in eq 5. 6. Whereas for the neutral phenyl alanine we find a concerted
transition state for rearrangement accompanied by ammonia loss, the transition state for
the sulfonated version has the ammonia completely dissociated, and is part of a step-wise
process. In either case, the barrier for phenyl acrylate formation is very high, computed
to be about 80 kcal/mol from the zwitterion, and 90 - 100 kcal/mol from the canonical
structure.
Although loss of CO2 from the amino acid is not observed in this work, it has
been reported previously, and therefore we have carried out calculations to determine

93
why it does not occur for PheSO3. Decarboxylation of the zwitterionic structure of Phe
is calculated to occur without a barrier in excess of the dissociation energy, such that the
net barrier for the reaction is determined by the energies of the dissociation products.
Therefore, loss of CO2 has a barrier of more than 60 kcal/mol. As shown in Figure 5.4,
loss of CO2 would necessarily lead to formation of the zwitterionic product (the
ammonium-ylide) and not the phenethyl amine. Although formation of the amine is
exothermic, Alexandrova and Jorgensen63 have noted that the barrier for proton shift in
the ylide is formally symmetry forbidden and is therefore expected to have a very high
barrier.

Consequently, the formation of the amine from glycine is essentially a

sequential, two-step process consisting of decarboxylation followed by proton transfer,
with a proton transfer barrier of approximately 45 kcal/mol for the ylide in aqueous
solution.63

The barrier for proton shift in the ammonium-ylide formed upon

decarboxylation of Phe in the gas phase is calculated to be 25.6 kcal/mol, such that the
overall barrier for formation of the amine upon decarboxylation of Phe is calculated to be
86.4 kcal/mol. The higher barrier for proton shift computed for glycine is likely due to
solvent stabilization of the ammonium-ylide. Interestingly, Alexandrova and Jorgensen
also calculated a slight (~8 kcal/mol) barrier in excess of the dissociation energy for the
decarboxylation step.

However, the presence of the excess barrier is also likely a

consequence of explicitly including solvation in the QM/MM approach, and would not be
expected in a gas-phase calculation.64 The barriers for decarboxylation obtained for
glycine by Alexandrova and Jorgensen63 and for Phe in this work are significantly higher
than what has been reported previously for the decarboxylation of canonical N,Ndimethyl- or N-phenylglycine.20,21,65 However, the ~42 kcal/mol barriers suggested in the
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previously studies do not seem reasonable because they are lower than the energies
required for decarboxylation, which we calculate to be 52.3 kcal/mol and 59.6 kcal/mol
for dimethylglycine and N-phenylglycine, respectively. Considering that decarboxylation
leads initially to the ammonium-ylide, and that rearrangement of the ylide to the amine
occurs in a second step and is formally symmetry forbidden, decarboxylation should not
occur with an activation energy less than that required for formation of the ammoniumylide.
In summary, although loss of CO2 from the amino acid can occur to form the
ammonium-ylide, formation of the α-lactone is predicted to be energetically preferred by
about 20 kcal/mol. Consequently, that is the only process that is observed for PheSO3.

5.6.2 Dissociation of the α-Lactone
In this study, we have also been able to investigate the dissociation of the αlactone, αLSO3. α-Lactones are highly reactive molecules that have been proposed as
short lived intermediates in a variety of chemical reactions, often involving α-substituted
carboxylates50,54-60 or α,β-unsaturated acids,66,67 in the photolysis of cyclic peroxides47,6871

and α-halocarboxylic acids,72 in the oxidation of ketenes,73 or in the gas-phase

dissociation of α-substituted carboxylic24-29 or in the decomposition of amino acids.23,74
They have also been proposed as intermediates in atmospheric oxidation reactions75,76 in
mass spectrometry,77-80 and as products of the reaction of carbenes with CO2.81-85 Despite
being highly reactive, α-lactones have been investigated spectroscopically by using
matrix isolation,82-84 gas-phase86 and solution-phase time-resolved IR.85 There has long
been discussion regarding the electronic structure of α-lactones, and whether they are best
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considered to be cyclic, canonical structures56,58-60 or zwitterionic,55 although those
discussions generally relate to the structure in solution. The calculated structures of gasphase α-lactones have exceptionally long (~1.55 Å) and weak87 Cα-O bonds, and even in
the gas phase there is considerable ionic character.87
α-Lactones are highly reactive, and react rapidly by polymerization, by
nucleophilic addition, or by decomposition.88

Although an early photolysis study

reported dissociation by loss of CO and CO2,47 more recent studies of α-substituted
carboxylic acid pyrolyses that proceed through α-lactone intermediates24,25,30-36 have
reported dissociation only by loss of CO. In this work, we observe loss of both CO and
CO2 from the α-lactone, in similar amounts (if anything, CO2 loss is slightly favored). As
described above, loss of CO occurs to form the aldehyde, as expected, whereas loss of
CO2 results in the formation of the styrene (eq 5.10).
Computed potential energy surfaces for the decomposition channels are shown in
Figure 5.5. The barriers for CO loss from the α-lactone derived from PheSO3 and Phe
are predicted to be about 30 kcal/mol, similar to that predicted for alkyl-substituted αlactones.52 Determining the barrier for styrene formation is more difficult.

The

experimental observation that CO and CO2 are formed in similar indicates that the
barriers for the two processes are similar. Therefore, a stepwise mechanism consisting of
decarboxylation to form the carbene followed by hydrogen shift likely has a barrier that is
too high to compete with CO loss (see Figure 5.5). Considering that decarboxylation of
β-lactones results directly in the formation of the olefin and occurs with moderate energy
barriers89,90 we explored the possibility of a mechanism involving the dyotropic shift91-94
to the β-lactone95 followed by decarboxylation (eq 5. 13a). However, the search for the
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transition state for α- to β-lactone rearrangement did not give a structure for a dyotropic
process, as shown in 10a, but instead gave a structure that consists of 1,2-hydrogen shift
without assistance of the carboxylate anion, as shown in eq 5.13b. The structure shown
in eq 5.13b was confirmed to be a saddle point by vibrational analysis, and an intrinsic
reaction coordinate calculation (IRC)96,97 finds that it is a transition state that connects the
α-lactone with the styrene and CO2.

Figure 5.5. Calculated energetics for the dissociation of αLSO3 (X = SO3) and the nonsulfonated derivative (X = H). Values correspond to electronic energies and geometries
calculated at the MP2/6-311+G**//B3LYP/6-31+G* level of theory, unless indicated a)
not a stable geometry; corresponds to the geometry of the lactone with the CO2 removed.
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The 1,2-hydrogen shift mechanism shown in eq 5.13b is facilitated by the high
degree of polarization expected for the α-lactone (eq 5.14),87 and by the fact that the βcationic carboxylate (β(+)-CO2) that would result from hydride transfer is unstable with
respect to decarboxylation in the gas phase. The coupling of hydrogen migration and
leaving-group loss is analogous to what has been proposed for the Schmidt reaction,94
and has been observed previously in reactions such as the elimination of protonated
ethers98,99 and acetates.100

The computed barriers for decarboxylation of the α-lactone are 32.1 kcal/mol for
αLSO3, and 42.1 kcal/mol for the non-ionic system, indicating that the sulfonate is
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having a large effect on the stability of the transition state. Because the charge of the
sulfonate group does not delocalize into the π-system of the ring via conjugation, the
stabilization of the transition state is likely an inductive effect that stabilizes the
formation of the benzylic cation. The effect would be expected to be stronger for an
ionic group that is conjugated with the aromatic ring, such as an O group of a phenoxide
(eq 5.15), which accounts for why the phenoxide ion obtained from deprotonating
tyrosine loses NH3 and CO2 as the main dissociation channel, and an M-NH3-CO ion is
not observed at all.53
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The calculated barriers for decarboxylation and decarbonylation of the ionic and
non-ionic substrates are consistent with the experimentally observed results. The large
difference in barrier heights for the non-ionic lactone accounts for why loss of CO is
generally the only observed channel in pyrolysis experiments. However, for αLSO3, the
computed barriers for loss of CO and CO2 are very similar, which accounts for why the
products are observed in nearly equal amounts. As shown in eq 5.15, the resonant
interaction between the charge site and the benzylic site in deprotonated tyrosine is
expected to strongly favor the CO2 loss channel. Finally, preliminary results with para-
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trimethylammonium-substituted Phe find that the corresponding α-lactone dissociates
only by loss of CO, consistent with electrostatic destabilization of the benzylic cation.

5.7 Conclusions
By using an ion with the charged-moiety isolated from an amino acid, we have
been able to utilize mass spectrometry to investigate the chemical properties of a gasphase amino acid. In this work, we have characterized the decomposition pathways for a
phenylalanine derivative. The only observed pathway is loss of ammonia, to form an αlactone. This reaction is similar to what has been observed previously for pyrolysis of Nsubstituted alanines23 and other α-substituted carboxylic acids,24-36 but is inconsistent
with what has been reported for pyrolysis of glycine derivatives.20-22 The main difference
between the studies that find deamination23 (including this work) and those that find
decarboxylation to occur20-22 is our work and that of Al-Awadi et al.23 involves a direct
investigation of the gaseous amino acid, whereas Chuchani and co-workers have tried to
generate the amino acid in situ by pyrolysis of the corresponding ethyl esters.
Considering that the computational results in this work and by others63 have shown that
decarboxylation of gaseous amino acids to form the amine has a prohibitively high
barrier, the products that correspond to decarboxylation of the amine are likely formed
via a pathway not involving the amino acid.
The α-lactone that is formed from the amino acid in this work undergoes
dissociation by loss of CO and by loss of CO2. Although loss of CO is expected, the loss
of CO2 has generally not been reported in reactions involving α-lactones. However,
given the calculated relative barriers for CO and CO2 loss, decarboxylation should occur,
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to some extent, in α-lactones containing a β-hydrogen that can shift during lactone ring
opening, similar to the reaction shown in eq 5.13b. It may be that the formation of the
benzylic cation may facilitate the hydride shift reaction, although decarboxylation has
been observed for a completely aliphatic derivative (eq 5.9).47 The results of this work
and that reported previously for deprotonated tyrosine show that stabilization of the βcation can affect the branching ratio for CO vs CO2 loss. Therefore, just as anionic
stabilization of the transition state favors CO2, the presence of a cationic group would be
expected to disfavor decarboxylation, and favor loss of CO, which is what is observed in
preliminary studies.
Finally, the results of this study show that mass spectrometry can be used to
investigate the properties of canonical amino acids. Whereas this is a new approach for
the investigation of gas-phase amino acids, the use of an inert, remote charge to
investigate neutral chemistry is not new and is similar, in principle, to the distonic ion
approach used by Kenttämaa and co-workers101 to examine the reactivity of aromatic
radicals. In the same way, it should be possible to use mass spectrometry to investigate
further the reactivity of gas-phase amino acids, and investigate the effects of structure and
solvation.
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CHAPTER SIX: EFFECT OF CHARGE POLARITY ON AMINO ACID
DISSOCIATION

6.1 Introduction
The structures, properties, and reactivity of amino acids are well-characterized in
condense phase

1-4

and in solution.

5-7

However, owing to their lack of volatility, much

less is known about the structure and reactivity of amino acids in the gaseous state.

8,9

Mass spectrometry has been used to study the gas phase properties of amino acids.10-13
However, in these studies, the amino acids are typically ionized in some way, such as via
protonation 11,12 or metallation to create positively-charged ions, or by deprotonation 11 to
form negatively-charged ions.

Consequently, the properties of ionized amino acids

investigated by using mass spectrometry are generally not comparable to those of the
“neutral” (zwitterionic or canonical) amino acids.13
Recently, we reported the charge-remote fragmentation14,15 of para-sulfonated
phenylalanine anion, PheSO3, using mass spectrometry.13 We discovered PheSO3
dissociates only by loss of NH3 to make a product assigned to be an α-lactone. Here, we
report the findings on charge-remote fragmentation of N,N,N-trimethyl ammonium
phenylalanine, PheNMe3+, and compared with PheSO3 . Same experimental and
computational methods as explained in Chapter 5 for PheSO3 were used in this study.
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6.2 Synthesis
All N,N,N-trimethyl ammonium derivatives were synthesized by methylation of
aniline. Boc protected samples were used as the starting materials. For example,
PhNMe3+Cl was synthesized using Boc-4-aminophenylalanine as a starting material.
0.06 g of Boc-4-aminophenylalanine and 3 equivalent of 2, 6-lutidine were dissolved in 2
ml of DMF, and 2.5 ml of CH3I was added. The solution was stirred overnight in room
temperature. Excess solvent and CH3I were then evaporated under vacuum. The
precipitated salt was filtered and the Boc group was removed by treating with an excess,
~2.5 ml, of trifluoroacetic acid (TFA). Excess TFA was removed by evaporation under
vacuum and the product was studied in mass spectrometry.

6.3 Results and Discussion
Calculations have been carried out on the structure of PheNMe3+ in the gas phase.
Figure 6.1 shows the 7 lowest energy canonical conformation of PheNMe3+ and the
relative energies of each stationary point optimized at the B3LYP/6-31+G* level of
theory. The conformation preferences in PheNMe3+ are based on the orientation of
carboxylic acid, where cis orientation of COOH is more favorable than trans orientation.
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However, the conformation preferences in PheSO3 are based on the relative position of
carboxylic acid with aromatic ring, where anti is more favorable than gauche (Chapter 5).
The conformational preference is not expected to affect the gas-phase properties of these
charge-remote amino acids since all structures are within 5 kcal/mol.
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Figure 6.1: The 7 low energy conformations of PheNMe3+. Relative energies are shown
in kcal/mol

6.3.1 Dissociation of PheNMe3+
Upon collision-induced dissociation, the PheNMe3+ with m/z 206 losses the
neutrals of masses 17, 44, 45, 59, 61, 74, 76, 87, 88 and 89 Dalton (Da), as shown in
Figure 6.2a. Other than the 17 and 45 Da losses, the other fragmentation pathways were
not observed on fragmentation of PheSO3 (Chapter 5).13 The techniques like H/D
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exchange of labile protons (d-labeled compounds), authentic sample comparison and
tandem MS are implemented to help determine the structures of the neutrals lost and the
product ions formed.
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Figure 6.2. CID spectra of a) PheNMe3+ with m/z 223,
b) d3- PheNMe3+ with m/z 226
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6.3.1.1 Neutral Loss of Mass 17 Da and Formation of m/z 206 ion
Two neutrals, NH3 and OH, are possible fragments of mass 17 Da that can be lost
from PheNMe3+. The CID spectrum of the d3-PheNMe3+ with m/z 226 shown in Figure
6.2b does not have a peak at m/z 208 accounting for the loss of the OD radical. Therefore
the loss of hydroxy radical can be ruled out confirming the loss of ammonia. The
ammonia loss is a common fragment present in the CID of protonated,11,12 deprotonated11
and charge-remote13 phenylalanine.
Although the structure of the deamination product is not known, the most likely
products to be formed are either the cinnamic acid or an α-lactone derivatives (Chapter
5.4.1). The deamination product observed on dissociation of PheSO3 was deduced to be
the α-lactone based on its dissociation behavior and by ruling out possible alternatives.13
However, the recent ion spectroscopy shows the product obtained upon dissociation of
the sulfonated phenylalanine is an α-lactone confirming the assignment made previously
based on indirect evidence.
Upon CID, the [PheNMe3 –NH3]+ ion with m/z 206 losses neutrals of masses 15,
42, 44 and 46 Da. The molecular formulas of CH3, CO2 and CO2H2 can be attributed to
the masses 15, 44 and 46 Da respectively but that for neutral of 42 Da could not be
assigned. However, the neutral CO loss, a well-known decomposition pathway for αlactone, is not observed in the CID of the deamination product

13,16-20

suggesting the

deamination product is most likely the cinnamic acid derivative (1), Figure 6.7 (a).
A comparison of the CID spectra of [PheNMe3 –NH3]+ and the authentic 1 with
m/z 206, measured with a normalized collision energy of 35%, are shown in Figure 6.3.
The CID of the authentic 1 forms a single product ion at m/z 191, which probably is due
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to loss of CH3. Even though the other peaks present in CID spectrum of [PheNMe3 –
NH3]+ are not observed on the CID spectrum of 1, the fact both spectra in Figure 6.3 have
m/z 191 as the base peak suggest the similarity on the structures of the [PheNMe3 –
NH3]+ and 1.

a

191

206

164
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160

b

191

206

Figure 6.3. CID spectra of m/z 206 obtained from a) CID of PheNMe3+,
b) authentic cinnamic acid (1)
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This result is also consistent with the deuterated experiment. Upon CID, the d3PheNMe3+ with m/z 226 losses neutrals of 19 and 20 Da which are possibly ND2H and
ND3

12

loss with a proton coming from the ethylene backbone or the carboxylic acid

respectively13 to form 1. Formation of the cinnamic acid has been reported as a minor
product for pyrolysis21,22 and thermolysis23 of phenylalanine in the condensed phase.

6.3.1.2 Neutral Loss of Mass 44 Da and Formation of m/z 179 ion
Two neutral molecules, CO2 and NMe2, are possible fragments with mass 44 Da
that can be lost from PheNMe3+. The CID spectrum of the [PheNMe3 – 44]+ matches
with the authentic phenylethanamine, 2, (Figure 6.4 a and b). This result confirms CO2 is
lost upon CID of PheNMe3+ and [PheNMe3 –CO2]+ ion with m/z 179 is 2, Figure 6.7 (b).
This result is also consistent with d-labeled experiment since CID of d3-PheNMe3+ loses
neutral of mass 44 Da as well, Figure 6.2 b).
The product ions formed upon CID of m/z 2 are also present in CID spectrum of
PheNMe3+. Thus, the CID spectrum of 2 and d2-2 shown in Figure 6.4 b and c are
compared to get further insight on fragmentation pathways. The product ions with m/z
164(166), 162(162), 135(136), and 134(134) formed upon CID of 2 (d2-2) with m/z
179(181) are due to the neutral loss of mass 15(15), 17(19), 44(45), and 47(45) Da
(number in bracket for deuterated sample).

114

a

164

135

179

134

b

164

135

179

134

c

166

136

134

181

Figure 6.4. CID spectra of a) m/z 179 obtained from CID of PheNMe3+,
b) 2 with m/z 179, c) d2-2 with m/z 181

115
The neutral loss of 15(15) Da is likely CH3 radical from the ammonium group to
form [2 – CH3]+ with m/z 164(166). The CID of m/z 164(166) losses neutrals with masses
29(30) and 30(32) Da, probably to form [2 – CH3 - NHCH2]+ with m/z 135(136) and [2 –
CH3 - NH2CH2]+ with m/z 134(134), respectively. However, the CID spectrum of
[PheNMe3 – 59]+ with m/z 164 has product ions at m/z 149, 147, 135, 134, 136, 121 and
120, which are more than CID spectrum of [2-CH3] with m/z 164, Figure 6.5. The
common base peaks in both spectra suggest that the m/z 164 is mostly [PheNMe3 –CO2 CH3]+ with some impurities of other isobaric ion.
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Figure 6.5. CID spectra of m/z 164 obtained from a) 2, b) PheNMe3+

116
Therefore, the m/z 135 and 134 seen in CID spectrum of PheNMe3+ are probably
[PheNMe3 –CO2 – CH3 - NHCH2]+ and [PheNMe3 –CO2 – CH3 - NH2CH2]+, Figure 6.7
(b.2.1) and (b.2.2), respectively.
The neutral of 17(19) Da with mass difference of 2 indicates both labile protons
are lost in neutral, probably as NH3 to produce [2 – NH3]+ with m/z 162(162). The CID of
[2 –NH3]+ ion loses neutral of mass 15 Da, probably CH3 neutral from ammonium site, to
produce [2 –NH3 – CH3]+ with m/z 149. Therefore, the m/z 164 and 149 seen in CID
spectrum of PheNMe3+ are probably [PheNMe3 –CO2 – NH3]+ and [PheNMe3 – CO2 –
NH3 – CH3]+, Figure 6.7 (b.1) and (b.1.1), respectively.
The decarboxylation is the main fragmentation pathway of PheNMe3+ since the
base peak at m/z 179 in CID spectrum of PheNMe3+ is due to decarboxylation. In
addition, decarboxylation leads to several other product ions like m/z 164, 162, 147, 135,
and 134 present in CID spectrum of PheNMe3+. Decarboxylation has been reported as a
major product for pyrolysis21,22 and thermolysis23 of phenylalanine in the condensed
phase as well. However, CO2 fragmentation pathway is not observed in collision-induced
fragmentation of protonated, deprotonated or charge-remote phenylalanine.
Since CID is a kinetic process, comparing the barrier a fragmentation pathways
might provide further insight on why this fragmentation is observed in one case and not
in other. Figure 6.6

shows the potential energy surface for the decarboxylation of

PheSO3, PheNMe3+ and Phe. The decarboxylation to form zwitterionic products (the
ammonium-ylide) is slightly favorable for PheNMe3+ but the experimental evidence
suggests decarboxylation leads to phenylethyl amine. Formation of the amine is
exothermic, but the barrier for proton shift in the ylide is symmetry forbidden and is
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therefore expected to have a very high barrier. The barrier for proton shift in the
ammonium-ylide formed upon decarboxylation of Phe in the gas phase is calculated to be
25.6 kcal/mol, allowing the overall barrier for formation of the amine upon
decarboxylation of Phe to be calculated at 86.4 kcal/mol. The potential energy diagram
does not provide any testiment on why decarboxylation is preferred only in PheNMe3+.

Values in_ kcal/mol
X = SO3
(X = H)
[X=NMe3+]
_
NH3+ 63.7
(60.8)
[49.8]
X

_
O

(86.4)
[75.8]

H
NH2

X

+ CO2

+ CO2

O
NH3+

X

8.9
(13.5a)
[10.4]

NH2

CO2H

0.0

NH2

2.2
(-3.6)

X

+ CO2

X

Figure 6.6. PES for decarboxylation of PheNMe3+, PheSO3 and Phe. The barriers and
the molecular energy were calculated at the MP2/6-311+G**//B3LYP/6-31+G* level of
theory.
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6.3.1.3 Neutral Loss of Mass 45 Da and Formation of m/z 178 ion
Two neutral molecules, CO2H and CONH3, are the possible fragments with mass
45 Da that can be lost from PheNMe3+. The CID spectrum of d3-PheNMe3+ shown in
Figure 6.2 b) depicts all three labile protons are lost to yield m/z 178 suggesting CONH3
is the neutral lost. The neutral loss of 45 Da was observed for the CID of PheSO3 as
well, which was loss of CO from deamination product. Since the CID [PheNMe3 - NH3] +
with did not lose CO, Figure 6.3 a), CONH3 is probably lost as a single fragment to
produce [PheNMe3 – CONH3]+ with m/z 178, Figure 6.7 (c).

6.3.1.4 Neutral Loss of Mass 74 Da and Formation of m/z 149 ion
C2O2NH4 is the only possible fragment with mass 74 Da that can be lost form
PheNMe3+. This neutral fragment is likely CH(NH2)COOH that result in formation of
the benzyl radical ion, [PheNMe3 – CH(NH2)COOH]+, with m/z 149, Figure 6.7 (d).
This result is consistent with CID of d3-PheNMe3+, where all labile protons are lost to
form m/z 149 product, Figure 6.2 b). Upon CID, [PheNMe3 – CH(NH2)COOH]+ with m/z
149 losses neutral of mass 15 Da, which probably is loss of CH3. Therefore, the m/z 134
seen in CID spectrum of PheNMe3+ is assigned as [PheNMe3 – CH(NH2)COOH – CH3]+,
Figure 6.7 (d.1).

6.3.1.5 Neutral Loss of Mass 87 Da and Formation of m/z 136 ion
The neutral with mass 87 Da lost from PheNMe3+ is likely C3O2NH5. The ionic
product has a formula that matches trimethylanilinum, [PheNMe3 – Ala + H]+ with m/z
136, Figure 6.7 (e). The CID spectrum of d3-PheNMe3+ with m/z 226 contains peaks at
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m/z 136 and 137, Figure 6.2 b), suggesting the proton donated by alanine could be the
labile or not labile hydrogen.

6.4 Conclusion
Upon collison induded dissociation, PheNMe3+ m/z 223 produces the fragment
ions with m/z 206, 179, 178, 164, 162, 149, 147, 136, 135 and 134. The proposed
fragmentation pathways of PheNMe3+ are summarized in Figure 6.7.
The product ions with m/z 206, 179, 178, 149 and 136 are identified as primary
fragmentation pathways. The product ions with m/z 164 and 162 are secondary
fragmentation pathways and those with m/z 147, 135 and 134 are tertiary fragmentation
pathways. Far more fragmentation pathways are found for PheNMe3+ than for PheSO3-.
In PheSO3, deammination was the only primary fragmentation pathway, whereas
PheNMe3+ has 4 additional pathways. The neutrals loss of mass 45 and 74 Da proposed
as the primary fragmentation pathway on this study were observed as the secondary and
the tertiary fragmentation pathways in PheSO3, respectively.
Loss of CO2 (44 Da) and C3H5NO2 (87 Da) are observed only for the positively
charged ion. The comparisons of PES for decarboxylation pathway of PheNMe3+ and
PheSO3 do not account the descripencies in fragmentation of these charge-remote Phe.
Even when they both lose some common neutral fragments, the structures of the product
ions are different. Thus, although both PheNMe3+ and PheSO3 are charge-remote Phe,
they behave differently upon collison-induced dissociation.

Figure 6.7. Proposed Fragmentation Pathways of PheNMe3+
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In order to explain the extensive fragmentation on PheNMe3+, we have
considered the possibility of rearrangement of the amino acid prior to dissociation.
Assuming that the benzene ring and the N,N,N-trimethyl ammonium groups (R) do not
participate in rearrangement, 19 stuctures are possible upon rearrangement of PheNMe3+
(Figure 6.8).
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Figure 6.8. Possible rearrangement products of PheNMe3+ and
their relative energies in kcal/mol calculated at the B3LYP/6-31+G* level of theory .
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Unfortunately, most of the structures in Figure 6.8 are too synthetically
challenging to examine the authentic ions. One authentic ion that has been investigated is
the carbamic acid isomer,Ia, which was formed in situ by CID of the boc-protected
phenylethylamine (eq 6.1).

The base peak at m/z 178 observed on CID spectrum of Ia, Figure 6.9, is due to
decarboxylation and this product ion is confirmed to be 2 by using CID (eq 6.2). The
results confirm that amino acid isomers could account for products observed upon CID of
PheNMe3+ .
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Figure 6.9: CID spectrum of Ia with m/z 223
We propose that rearrangement of PheNMe3+ to Ia is a stepwise process, which
occurs in two steps as shown in eq 6.3. The first process involves a proton shift from an
amine to carbonyl oxygen and the attack of the electron-rich amine to electron-deficient
carbonyl to form a three-membered ring. The second process involves breaking a C-C
bond, a proton transfer from the hydroxyl group to the α-carbon and the regeneration of
carbonyl.

Although a rearrangement similar to that in eq 6.3 is possible for PheSO3, it
appparently does not occur, indicatig that the rearrangement barrier is prohibitive for
negative charged ion.
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CHAPTER SEVEN: MOBILE C-H PROTONS IN A PROTON DEFICIENT PEPTIDE

7.1Introduction
The significance of amino acids and peptides to the world around us, and to life
itself, cannot be overstated, and, therefore, it is not surprising that their structures,
properties, and reactivity are exceptionally well-characterized, largely due to the
capabilities of mass spectrometry and electrospray ionization.1 The ability for rapid,
accurate analysis of proteins and peptides by mass spectrometry has had a major impact
on the field of proteomics, and allows for the study of the structures and functions of
large proteins in complex biological system.
One of the most important features of using mass spectrometry to identify
proteins and peptides in proteomics is the ability to use tandem mass spectrometry (MSn)
to differentiate isobaric ions and for sequence determination. Therefore, whereas mass
spectral libraries can be used to identify known proteins, amino acid sequences in
unknown proteins can be determined by analysis of ionic fragments. In particular,
fragments observed in peptide dissociation, especially b- and y-type sequence ions,

2

resulting from fragmentation of amide bonds, can be used to determine the sequence from
the C- and N-terminus.2,3
Products obtained upon dissociation of protonated peptides have generally been
explained in terms of the “mobile proton theory”.2,4-6 The model assumes that protons,

127

initially localized on the most basic sites (N-terminus and the side chains of basic amino
acid residues) of protonated peptides, can be transferred to the less basic of sites upon
activation including the various peptide linkages, thereby producing a heterogeneous
population of protonated peptides.2,4,5 The mobile proton model provides a quantitative
framework such that if the peptide sequence and number of protons are known, one can
predict the general appearance of a fragmentation spectrum.4 Although the mobile proton
model is not intended to model the full peptide fragmentation spectrum quantitatively, it
successfully accounts for common dissociation, including aforementioned b- and y-type
ions.
Because peptide b ions are common, stable, species in peptide fragmentation,7 a
better understanding of how they are formed can improve peptide sequencing algorithms
and the current models for peptide fragmentation.2 Consequently several theoretical and
experimental studies have been carried in recent years to better understand the structures
of b ions and the mechanism of their formation.7-27 In this work, we use dipeptides to
investigate the formation of b2 ions.
Many structures have been proposed for b2 ions.4 Initially, an acylium ion was
thought to be the major b2+ ion but it was later discovered to be thermodynamically less
stable than its isomeric cyclic structures.26 Of the structures proposed for b2 ions, the
most common are protonated diketopiperazines and protonated oxazolones.3,13,18,22,27-39
Six-membered cyclic diketopiperazine is formed when the N-terminal amino group act as
a nucleophile and attack at the carbonyl carbon of second amino acid residue. However,
five-membered cyclic oxazolone is formed when the N-terminal carbonyl oxygen act as a
nucleophile and attacks at the carbonyl carbon of second amino acid residue. Which ion
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forms is mainly determined by the structure of the peptide: A cis conformation of the first
amide bond favors diketopiperazine because it facilitates the nucleophilic attack by
amino group of N-terminal amino acid, Figure 7.1.32,35,39-41 Similarly, trans conformation
of the first amide bond favors oxazolone because it facilitates the nucleophilic attack by
carbonyl oxygen of N-terminal amino acid, Figure 7.1. Although the diketopiperazine is
lower in energy, oxazolone structures result for trans amide because the barrier for the
formation is lower than the barrier for cis-trans isomerization.

1st residue

2nd residue

COOX -HXO

NH2
R1

N
O H

R2

cis Amide Bond
1st residue

O
H2N
R1

2nd residue

O
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O

Diketopiperazine b2 ion
O

O
COOX -HXO
H2N
N
N R2
R1
H

trans Amide Bond

R2

Oxazolone b2 ion

Figure 7.1. Formation of diketopiperazine from dipeptide with cis amide bond (top) and
formation of oxazolone from dipeptide with trans amide bond (bottom)

The nature of the charge on peptides also plays an important role in the
dissociation mechanism. Mass spectrometry studies of peptide and peptide’s dissociation
usually involve the use of protonated42 or metallated 3,43 peptides, often multiply charged
depending on the number of basic sites. Therefore, the excess positive charge allows for
facile intramolecular proton transfer that does not require, inter alia, formation of salt-
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bridges or other forms of charge separation. In a recent study, we reported the formation
and dissociation of sulfonated phenylalanine, PheSO3-, an anionic amino acid where the
charge is isolated from the α-amino acid moiety by a phenyl spacer. The ion dissociates
only by loss of NH3 to make a product assigned to be an α-lactone (eq 7.1). The proposed
mechanism involves proton transfer within the canonical amino acid to form a
zwitterionic intermediate, which dissociates by intramolecular substitution to make the
lactone (eq 7.1), and therefore nominally illustrates the potential of mobile electron
within anionic systems as well. However, an important feature of all these reactions is
that although energetically unfavorable proton transfer can occur in these reactions upon
activation, it is still generally limited to heteroatom positions, such as amines, amide
nitrogen or carboxyl groups.

In this work, we have used mass spectrometry to examine the dissociation of
dipeptides that include PheSO3¯, namely Gly-Phe*OH and Phe*-GlyOH, where Phe*
refers to PheSO3¯. Unlike protonated and metallated ions, these dipeptides are anionic
and hence proton deficient. However, they still have a canonical dipeptide moiety. In this
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respect they are similar to protonated dipeptides containing His
13,24,25,46

29,38-40,44,45

or Arg,

which contain basic side chains that sequester positive charge.

We find that the sulfonated dipeptides dissociates similar to what has been
reported for Arg-Gly but the presence of anionic substrate must dissociate that involve
mobile C-H protons due to less number of mobile proton. We find Gly-Phe*OH and
Phe*-GlyOH both dissociates to form the same b2 ions after rearranging to a common
structure of the canonical amino acid.

7.2 Experimental
Experiments were carried out using a commercial LCQ-DECA (Thermo Electron
Corporation, San Jose, CA) quadrupole ion trap mass spectrometer, equipped with
electrospray ionization (ESI) source. Samples were dissolved in methanol: water (1:1)
and introduced into the source at a flow rate of 10 µl/min. Electrospray and ion focusing
conditions were varied so to maximize the signal of the ion of interest. Dissociation of
ions was carried out by using MSn experiments with mass-selected ions in the cell, with
the helium buffer serving as the collision target. Reactant ions for CID were isolated at
qz = 0.250 and with a mass-width sufficient to avoid off-resonance excitation of the
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mass-selected ions. The energy of collision-induced dissociation (CID) in the cell is
reflected in the “normalized collision energy,” which ranges from 0 – 100%.

7.3 Synthesis

7.3.1 Synthesis of Amino Acid Esters
A 50 mg sample of the amino acid was dissolved in 10 ml of alcohol and cooled
to 0 C. Esterification was initiation by adding 3 ml of SOCl2, dropwise, into the cold
amino acid solution. After the solution warmed to room temperature, it was refluxed
overnight to get desired amino acid ester.

7.3.2 Synthesis of Gly-Phe*OH and Gly-Phe*OMe Dipeptides
0.09 mmol of Boc-GlyOH was dissolved in 15 ml of dichloromethane (DCM) and
0.09 mmol of coupling reagent (PyBop) was added. The solution was cooled down to
0 °C and 0.14 mmol of base (DIEA) was then added dropwise. After stirring for 20 min,
the solution was brought to a room temperature then 0.09 mmol of Phe*OH or
Phe*OMe was added and stirred for additional 40 min. Excess DCM was evaporated in
vacuum and formation of desired product was confirmed by mass spectrometry. The use
of N-Boc glycine prevents the coupling reaction in reverse order of amino acids for the
formation of Xxx-Gly dipeptide since the N is protected, where Xxx is amino acid, where
Xxx is Phe*OH in this case. Hence, the peak observed at desired m/z is Gly-Xxx and
none of Xxx-Gly. The Boc group was then removed by dissolving product in excess
trifluoroacetic acid (TFA) for 20 min and evaporating TFA in vacuum. In addition,
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compound ii can be hydrolyzed to corresponding acid by treating their aqueous solution
with concentrated sulfuric acid.

7.3.3 Synthesis of Phe*-GlyOH and Phe*-GlyOMe Dipeptides
We used similar procedure in this section as explained above for Gly-Phe*OH
with some modifications. 0.09 mmole of Gly-OMe and 0.09 mmole of Phe*OH were
dissolved in 15 ml of DCM and 0.09 mmol of PyBop was added. The solution was cooled
down to 0°C and 0.14 mmol of DIEA was then added dropwise. The solution was stirred
at 0°C for 20 min and at room temperature for additional 40 min. Unlike reaction 1, we
did this reaction in single step because we want to reduce the self-coupling of Phe*OH to
form Phe*-Phe*OH dipeptide. This self-coupling reaction could be completely stopped
by using Boc-Phe*OH but Boc-Phe*OH is not commercially available and we did not
have any success on synthesizing it. To obtain the desired dipeptide, we used unmodified
Phe*OH with glycine ester. The benefit of using Gly-OMe is that it prevents Gly-Xxx
formation, which makes mass spectrum unambiguous. In addition, Phe*-GlyOMe can be
hydrolyzed to Phe*-GlyOH by treating its aqueous solution with concentrated sulfuric
acid.

7.3.4 Synthesis of Diketopiperazine
Synthesis of diketopiperazine (I) has been explained previously.47,48 Briefly, the
solution containing 50 mg of Boc-Gly-Phe*OMe and 10 ml formic acid (98%) was
stirred at room temperature for 2 hr. Excess formic acid was removed in vaccuo and the
crude product was dissolved in 15 ml of sec-butyl alcohol and 5 ml of toluene. The
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solution was boiled for 3 hr and the solvent level maintained by addition of fresh butanol.
After concentrating the solution to 5-10 ml and cooling to 0C the products were filtered
off and studied on mass spectrometry.

7.3.5 Synthesis of Gly-Phe* Oxazolone
Synthesis of oxazolone has been explained previously.

48

Briefly, the solution

containing 10 umol of Boc-Gly-Phe*OH and 15 umol of 1, 3,-Dicyclohexylcarbodiimide
(DCC) were dissolved in 10 ml of dichloromethane. The solution was stirred at room
temperature for 3 hr. Excess solvent was removed in vaccuo and the resulting crude
product was dissolved in 3 ml TFA to produce Gly-Phe*-oxazolone (II).
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7.4 Results and Discussion

7.4.1 Analysis of Gly-Phe*OH and Phe*-GlyOH
The CID (MS2) mass spectra of Gly-Phe*OH and Phe*-GlyOH (m/z 301) are
shown in Figure 7.2. Both isomers give the same products with the same intensities.
Primary product ions include m/z 284 (M-NH3), m/z 283(M-H2O), m/z 257(M-CO2), and
m/z 244 (M-C2ONH3, net loss of glycine). The fact that both Gly-Phe*OH and Phe*GlyOH give the same spectra indicates that they rearrange to a common structure before
dissociation. Rearrangement of dipeptides upon low-energy CID has been reported
previously by O’Hair and co-workers for protonated Arg-Gly/Gly-Arg.25 As described in
the introduction, protonated Arg-Gly/Gly-Arg is similar to Phe*-GlyOH/Gly-Phe*OH
because it is a canonical dipeptide with the charge on the side chain. Therefore, the
rearrangement of Gly-Phe*OH and Phe*-GlyOH dipeptides is likely similar to what
was proposed previous by O’Hair and co-workers for protonated Arg-Gly and Gly-Arg
dipeptides, involving proton transfer within the dipeptide to form zwitterionic structures,
which can rearrange to cyclic structure and eventually rearrange to form the common
acid anhydride intermediate (Figure 7.3). Consequently, any of the structures in Figure
7.3 can be the common intermediate leading to the dissociation product(s).
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Figure 7.2. Mass Spectra: a) CID of Gly-Phe*OH and b) CID of Phe-Gly*OH
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Figure 7.3. Proposed mechanism for formation of common structure
from Phe*-GlyOH and Gly-Phe*OH

7.4.2 Analysis of Gly-Phe*OMe and Phe*-GlyOMe:
Support for the mechanism shown in Figure 7.3 comes from the experiments
involving methyl esters. O’Hair and co-workers25 have shown previously that
methylation of the C-terminus carboxylic acid inhibits the rearrangement reaction (Figure
7.3) of protonated Arg-Gly and Gly-Arg, presumably by blocking the initial proton
transfer step. Similarly, we have found that esterification of Gly-Phe*OH and Phe*-
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GlyOH inhibits their rearrangement as well. The CID spectra of Gly-Phe*OMe and
Phe*-GlyOMe, shown in Figure 7.4, are significantly different in both the identities of
the products and the intensities. Although both ions dissociate to form products m/z 283
(M-MeOH), m/z 266 (M-MeOH-NH3) and m/z 170, the relative intensities are very
different. In particular, whereas the b2 ion (M-CH3OH @ m/z 283) is one of the dominate
peaks upon CID of Phe*-GlyOMe, it is very weak upon CID of Gly-Phe*OMe. In
addition, peaks at m/z 298, m/z 240, m/z 226, m/z 198, m/z 185 and m/z 171 are observed
solely on CID of Phe*-GlyOMe spectra, whereas m/z 266, m/z 241, and m/z 197 are
observed solely on CID of Gly-Phe*OMe spectra.
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Figure 7.4. Mass Spectra: a) CID of Gly-Phe*OMe and b) CID of Phe*-GlyOMe

The M-CH3OH ions observed upon CID of Gly-Phe*OMe and Phe*-GlyOMe
are the b2 ions. The fact that b2 ions can be observed with the dipeptides (Gly-Phe*OH
and Phe*-GlyOH) and the methyl esters illustrates why they are significant in standard
peptide sequencing: they are not dependent on the substitution at the carboxyl end. The
MS3 spectra of b2 ions obtained from Gly-Phe*OMe and Phe*-GlyOMe shown in
Figure 7.5a and 7.5b, are also different, consistent with different ions giving different
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products. The CID spectra of the b2 ions obtained from Phe*-GlyOH and Gly-Phe*OH
agree with that from that obtained from Phe*-GlyOMe.
The CID spectra of the b2 ions can be compared to those for authentic ions. Figure
7.5c shows the CID spectrum of 1, whereas Figure 7.5d is for that of 2. There is a
marginal similarity between CID of the b2 ions obtained from Gly-Phe*OMe (Figure
7.5a) and for the CID 1 (Figure 7.5c). Peaks in common include m/z 255 and m/z 170.
However, the relative intensities do not match, and there are peaks in the CID of b2 ion
that are not found for CID 1. Therefore, although the CID spectrum is partially consistent
with 1, not all of the b2 ions can have that structure and there would need to be an
isobaric mixture.
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Figure 7.5. Mass Spectra: CID of b2 ions a) MS3 spectra of Gly-Phe*OMe and b) MS3
spectra of Phe*-GlyOMe c) CID of 1 d) CID of 2
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The fact that Phe*-GlyOMe, which has no acidic proton, forms same b2 ion as
that of Phe*-GlyOH and Gly-Phe*OH indicates that the formation of b2 ions does not
require the rearrangement of precursor ions to a common structure, as shown in Figure
7.2. In addition, the CID spectrum of this b2 ion does not match the CID spectra of 1 or
that of 2. We have used isotopic labelling experiment to investigate further the formation
and structure of b2 ion from Phe*-GlyOMe.
The oxazolone structures for the b2 ions that would be obtained from GlyPhe*OMe and Phe*-GlyOMe are 2 and 3 respectively. An important difference between
the two structures involves the origin of the carbonyl in the oxazolone structure, which
originates from the C-terminus. Therefore, the carbonyl in 2 would come from the Phe*
residue, whereas that in 3 comes from the Gly residue. If the b2 ion obtained from Phe*GlyOMe has an oxazolone structure, then CID process that involves loss of the carbonyl
should be losing the glycine carbonyl. To test for this possibility, we examined Phe*GlyOMe with glycine labelled with 13C at the carbonyl (Figure 7.6). Upon CID, the CO
and CO2 losses both contain the

13

C label and loss of non-labelled CO and CO2 is not

obtained. These results are consistent with the structure of 3 for the b2 ion.
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Figure 7.6. Mass Spectrum: CID of Phe*-Gly (1-13C) OMe

7.4.3 Deuterium Labelled Phe*-GlyOMe
We have also used deuterated labelling to investigate the mechanism of formation
of the b2 ions. Because the b2 ion formed upon dissociation of Phe*-GlyOMe is same as
that from Phe*-GlyOH/Gly-Phe*OH, we have focused on CID of Phe*-GlyOMe
because it does not undergo the rearrangement shown in Figure 7.3.
In order to determine which proton is involved in methanol loss, we examined
three deuterated labelled compounds d3-Phe*-GlyOMe, Phe*-Gly (2, 2-d2) OMe, and
d5- Phe*-GlyOMe. H/D exchange of labile protons was carried out in 50:50 D2O and
MeOD solution. The CID spectra of these compounds are shown in Figure 7.7. Upon
CID, d3-Phe*-GlyOMe loses MeOD and MeOH in a ratio of about 2:1 (Figure 7.7a).
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The loss of MeOD is consistent with what is expected for b2 ion formation, 3, with loss of
methoxy from the C-terminus and loss of a mobile proton from one of the nitrogen
position. Loss of CH3OH is surprising, especially as the major product, because it
requires loss of hydrogen from a carbon position, which would not normally be
considered a “mobile” proton. Although the deuterium labelling shows those protons on
carbon are involved in the dissociation, it does not specify which carbons, whether they
are α-carbon on Gly or Phe* or from the aliphatic or aromatic region of the side-chain.
Addition deuterium labelling experiments, however, provide further insight. The
spectrum for Phe*-GlyOMe, where the Gly is labelled with deuterium in the α -positon
(2, 2-d2), is shown in Figure 7.7b. Again, the ion dissociates by loss of MeOH and
MeOD, but in this case, the intensities are reversed, with loss of MeOD being the major
b2 product.
Loss of CH3OD as the major pathway for b2 ion formation confirms that carbonbased hydrogens are involved, and, in particular, it is the proton on the α-position of
glycine. However, it does not rule out participation of other protons, such as that at the aposition of Phe* or those on the side chain. To test for the possibility, we also deuterated
the nitrogen positions. The CID spectrum of the d5-Phe*-GlyOMe is shown in Figure
7.7c. In this case, the b2 ion is formed almost exclusively (>98%) by loss of CH3OD.
Therefore, although b2 ion can be formed by loss of proton from nitrogen, the majority is
formed by loss of proton from the α-position of glycine.
A mechanism that occurs for the observed products is shown in Figure 7.8.
Nucleophilic attack of the Phe* carbonyl oxygen at the Gly carbonyl carbon
accompanied by proton transfer leads to the hemiacetal-like structure, X. Loss of alcohol,

144

with proton loss from the OH in X, leads to the standard oxazolone, accounting for loss
of the proton from N. For this pathway, the carbonyl in the oxazolone originates from the
Gly, consistent with the 13C labelling experiments. Alternatively, loss of alcohol with the
proton from the ring forms the hydroxyl-oxazole, the enol structure of the oxazolone.
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Figure 7.7. Mass Spectra: CID of deuterated sample a) d3-Phe*-GlyOMe
b) Phe*-Gly (2, 2-d2) OMe c) d5- Phe*-Gly (2, 2-d2) OMe
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Figure 7.8. Proposed fragmentation pathway of Phe*-GlyOR’

7.4.4 Computational Results
Unlike phenols, hydroxyoxazoles are typically not more stable than the
corresponding oxazolones. At the MP2/6-31+G*//B3LYP/6-31+G* level of theory, the
simple oxazolone is computed to be 15.4 kcal/mol lower in energy than the
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hydroxyoxazole, Table 7.1. However, interaction between the hydroxy group and the
sulfonate charge in the b2 is predicted to stabilize the enol structure.
The relative energies of isomeric b2 ion structures are shown in Table 7.1. The
most stable product is the diketopiperazine (1), and the 2 and 3 oxazolone b2 ions are
calculated to be 14 and 20 kcal/mol higher in energy, respectively. The relative energies
of the diketopiperizine and oxazolones are consistent with what has been found in
previous studies. However, at the MP2/6-31+G* level of theory, the lowest energy
structure, aside from the diketopiperizine, is predicted to be the hydroxyoxazole obtained
from Phe*-GlyOH, Figure 7.9. In contrast, the hydroxyoxazole obtained from GlyPhe*OH is significantly higher in energy. The stability of the enol structure for the
Phe*-GlyOH b2 can be attributed to a favorable hydrogen bond interaction between the
OH and the sulfonate group, as shown in Figure 7.9, and accounts for the preference for
losing proton from carbon, as opposed to from nitrogen.

The oxazolone structure

obtained from Gly-Phe* also has a hydrogen bond, between the N-H and sulfonate,
which accounts for its stability.

The other structures are not capable of having

interactions with the sulfonate. The optimized geometries are shown in Figure 7.9.

Table 7.1. Calculated Relative Energies of b2 Ionsa
Ion

MP2/6-31+G*

Diketopiperizine 1
0.0
Phe*-Gly Oxazolone 3
20
Phe*-Gly Oxazolone enol 4
12
Gly-Phe* Oxazolone 2
14
Gly-Phe* Oxazolone enol 5
26
a
Relative electronic energies (not corrected) in kcal/mol at
B3LYP/6-31+G* optimized geometries
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Figure 7.9: Lowest energy structures of 1, 3, 4, 2, and 5 respectively

7.5 Conclusion
The charge-remote fragmentation of dipeptide is reported. We discovered that
Phe*-GlyOH and Gly-Phe*OH rearranges to common structure before dissociation. The
rearrangement is blocked by methylation. The b2 ion formed from dissociation of Phe*GlyOMe is same as that from Phe*-GlyOH and Gly-Phe*OH, which provided further
inside on mechanism of dissociation since first step does not need to be proton transfer.
Combination of several experimental and theoretical results suggest Phe*-Gly oxazolone
and Phe*-Gly oxazolone-enol are predominate structures of the b2 ions for the model
compound we studied. Most importantly, we have shown that C-H protons are involved
in the dissociation, effectively behaving as “mobile protons” in the proton-deficient
peptide.
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Mass spectrometric study of the decomposition
pathways of canonical amino acids and
α-lactones in the gas phase
Damodar Koiralaa, Sampath Ranasinghe Kodithuwakkugea‡ and
Paul G. Wentholda*
The dissociation pathways of a gas-phase amino acid with a canonical (non-zwitterionic) α-amino acid moiety are studied by
using mass spectrometry. Investigation of the canonical amino acid moiety is possible because the ionized amino acid, a
sulfonated phenylalanine, has a charge center that is separated from the amino acid, and dissociation occurs by chargeremote fragmentation. The amino acid is found to dissociate only by loss of NH3 upon collision-induced dissociation to form a
substituted α-lactone. The dissociation is consistent with what has been observed previously upon pyrolysis of other α-substituted
carboxylic acids. Decarboxylation, which has also been reported previously for amino acid pyrolysis, is not observed, likely because
the product would be a high-energy, ammonium ylide. The resulting α-lactone is found to undergo dissociation by decarbonylation
to give an aldehyde, and by loss of CO2. Decarboxylation is calculated to occur through a transition state involving hydride shift
coupled with lactone ring-opening. The transition state is found to be stabilized by the negative charge, and therefore, decarboxylation is more favorable for anions. The results show that remote ionic groups can be used as mostly inert charge carriers
to enable mass spectrometry to be used to investigate the gas-phase physical and chemical properties of different types of
functional groups, including amino acids. Copyright © 2015 John Wiley & Sons, Ltd.
Keywords: amino acid dissociation; gas-phase amino acids; mass spectrometry

INTRODUCTION
The signiﬁcance of amino acids to the world around us, and to
life itself, cannot be overstated, and, therefore, it is not surprising
that their structures, properties, and reactivity are exceptionally
well-characterized, at least in solution. However, owing to their
general lack of volatility, much less is known about the structure
and reactivity of amino acids in the gaseous state. Gaseous
amino acids are rare, but would be highly signiﬁcant if reports
of interstellar glycine,[1,2] for example, can be conﬁrmed. In a
more practical sense, the gas phase serves as a reasonable approximation for a low dielectric, hydrophobic environment, and
so investigation of the gas-phase (solvent free) properties of
amino acids provides insight into the structures of amino acids
in lipid membranes.[3] Finally, regardless of any biological significance, results of studies of gaseous amino acids can be compared with those for substituted carboxylic acids to determine,
inter alia, the effect of the amino group on the gas-phase structure and reactivity.
One of the most important differences between gaseous and
condensed phase amino acids is that, because charge separation
is unfavorable in the gas phase, the solvent-free molecules will
not have zwitterionic structures, Z, like those in the condensed
phase, but will have non-ionic, canonical (C) structures instead.[4–7]
In fact, zwitterionic structures of gas-phase amino acids are so unexpected that many mass

spectrometric studies have been carried out to try to elucidate
those factors, such as solvation or ion pairing that can lead to
stable ionic structures in various amino acids.[8]
Recent advances in spectroscopic methods in the last decade
have provided more detailed insight into the gas-phase structures, including details of the modes of internal hydrogen bonding.[9–11] The challenges in these experiments are twofold: on the
one hand, because the spectroscopy experiments generally require a good chromophore for ultraviolet absorption, they work
best for amino acids with aromatic side chains. However, those
amino acids are among the less volatile, and therefore, creating
gaseous samples is difﬁcult. Smaller, aliphatic amino acids are
more volatile, but lack a good chromophore to facilitate
resonance-2-photon absorption, which is generally required for
these types of experiments. It is a testament to modern spectroscopic technology that we do have spectra for both aromatic
and aliphatic amino acids.[12–15] Gas-phase photoionization of aliphatic amino acids has also been reported.[16]
Amino acids have been extensively studied using mass spectrometry. However, in these studies, the amino acids are typically
ionized in some way, such as via protonation or metallation to
create positively charged ions or by deprotonation to form neg* Correspondence to: P. G. Wenthold, Department of Chemistry, Purdue University,
560 Oval Drive, West Lafayette, IN 47907, USA.
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atively charged ions. Consequently, the properties of ionized
amino acids investigated by using mass spectrometry are generally
not comparable with those of the “neutral” (zwitterionic or canonical) amino acids. Here, we describe an investigation of canonical
amino acids by using “charge-remote fragmentation,”[17,18] where
dissociation of an ion occurs, as the name suggests, at locations
remote from the charge site. Charge-remote fragmentation is commonly used as an analytical tool to determine the structures of
biological molecules. Lipids[17,18] are particularly amenable to this
technique, as they fragment in the hydrocarbon chains. However,
charge-remote fragmentation has also been used to examine
structures of other biologically relevant molecules such as drugs
and their metabolites and peptides.[17,18]
Adams and Gross[19] have proposed that charge-remote fragmentation, where the charge does not participate in the fragmentation, is analogous to thermolysis of the gas-phase neutral
molecule. If this is true, then it may be possible to use chargeremote fragmentation

electrosprayed ions as an alternative to pyrolysis in order to study
the gaseous decomposition of otherwise non-volatile organic
molecules. In this study, we examined sulfonated phenylalanine,
PheSO3, a sulfonate anion with a separate canonical amino acid
moiety. The gas-phase reactivity of amino acids is similarly poorly
known. The lack of volatility of amino acids has made even nominally simple experiments such as gas-phase pyrolysis exceedingly
difﬁcult, and these experiments generally require generation of
the amino acid in situ by pyrolysis of appropriate volatile precursors. For example, Chuchani and co-workers[20] reported that they
could examine the pyrolytic dissociation of amino acids generated
by decomposition of the corresponding ethyl ester derivatives
(Eqn 1). By using this approach, they found that N-substituted
glycines, such as N,N-dimethylglycine,[20] N-phenylglycine,[21]
and N-benzylglycine,[22] for example, dissociate by loss of CO2,
as shown in Eqn 1, in the gas phase. In contrast, Al-Awadi and
co-workers found that gaseous N-phenylalanine does not undergo decarboxylation upon pyrolysis, but dissociates into aniline, CO, and acetaldehyde, as shown in Eqn 2,[23] in a process
that is similar to what is commonly observed for α-substituted
carboxylic acids (Eqn 3).[24–36]

(1)

(2)

(3)

wileyonlinelibrary.com/journal/poc

By using mass spectrometry, we have examined the decomposition of the gaseous amino acid, PheSO3, which contains a sulfonate charge and a canonical α-amino acid. We show that
PheSO3 dissociates initially by fragmentation of the amino acid
by the pathway shown in Eqn 3 to form the α-lactone, and direct decarboxylation (Eqn 1) is not observed. The α-lactone product is
found to fragment by decarbonylation, as expected (Eqn 3) but is
also found to undergo decarboxylation to form the styrene product.
Electronic structure calculations ﬁnd that the presence of the sulfonate charge has little effect on the energetics of these dissociation
pathways, indicating that the results can be fairly interpreted as representative of what would happen with the non-ionized derivative.

EXPERIMENTAL
Experiments were carried out using a commercial LCQ-DECA
(Thermo Electron Corporation, San Jose, CA, USA) quadrupole ion
trap mass spectrometer, equipped with electrospray ionization
(ESI). Ions were introduced by spraying dilute aqueous solutions
of commercially available substrates, except for the cis-cinnamic
acid and 4-(acryloyloxy)benzenesulfonate, which were synthesized
as described in the succeeding text; solution details are provided
as Supporting Information. Electrospray and ion focusing conditions were varied so to maximize the signal of the ion of interest.
Dissociation of ions can be carried out during ion injection by using
high injection voltages, or can be carried out by using MSn experiments with mass-selected ions in the cell, with the helium buffer
serving as the collision target. Reactant ions for CID were isolated
at qz = 0.250 and with a mass width sufﬁcient to avoid offresonance excitation of the mass-selected ions. The energy of
collision-induced dissociation (CID) in the cell is reﬂected in the
“normalized collision energy,” which ranges from 0% to 100%.
Synthesis of (Z)-4-(3-ethoxy-3-oxoprop-1-en-1-yl)
benzenesulfonate (deprotonated ethyl 4′-sulfo-cis-cinnamate)
A solution of ethyl diphenyl phosphonoacetate (0.16 g, 0.50 mmol) in
tetrahydrofuran (30 ml) was treated with Triton B (0.27 ml, 0.60 mmol)
at 78 °C for 15 min. A solution of p-sulfonated benzaldehyde
(0.12 g, 0.60 mmol in 5 ml MeOH) was then added dropwise, and
the resulting mixture was stirred at 78 °C for 1 h. The reaction was
quenched with 5 ml of deionized water. ESI mass spectra of the crude
product indicated a mixture of m/z 255 (the sulfonated ethyl
cinnamate) and m/z 249, which is assigned to a (PhO)2PO2 byproduct. Nuclear magnetic resonance spectroscopy of the crude mixture in D2O contained doublets at 6.0 and 6.98 ppm (J = 12.4 Hz),
which could be assigned to the cis-cinnamate based on comparison
with the previously reported cis-structures. In contrast, the clearly
observed NMR peak for the authentic trans isomer is a doublet at
6.49 ppm with J = 15.4. From the NMR spectrum of the cis-sample,
we estimate a cis/trans ratio of about 98:2, consistent with the selectivities obtained previously using this procedure. The ethyl ester was
introduced into the mass spectrometer by electrospray and
converted to the carboxylic acid by CID, and elimination of ethylene.
Synthesis of 4-(acryloyloxy)benzenesulfonate (PASO3)
4-(Acryloyloxy)benzenesulfonate was prepared by mixing 1 ml of
4-hydroxybenzenesulfonic acid sodium salt dihydrate with 3 ml
of acryloyl chloride (CH2¼CHCOCl). The neat mixture was stirred
for about 15 min at 35°, and 1 ml of (i-Pr)2Net was added. The solution was stirred approximately 15 min, after which one drop of

Copyright © 2015 John Wiley & Sons, Ltd.
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the crude mixture was added to 1 ml of a 50/50 mixture of water
and methanol and examined by ESI mass spec. The main products observed in the mass spectrum of the crude mixture are
the hydroxybenzenesulfonate, a product with m/z 253, which is
likely HO3SC6H4SO4, and a product at m/z 227, which is the
phenyl acrylate.

1
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Computational methods
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Amino acid conformations were surveyed by using the Monte
Carlo Multiple Minimum search method, with the Merck Molecular
Force Field (MMFFs) as implemented in MacroModel (version
9.6).[37] Multiple starting conformations were utilized, including
canonical and zwitterionic structures, to improve the chances of
ﬁnding the key low-energy structures. All of the unique conformations calculated with the MMFFs force ﬁeld to be within 100 kJ/mol
of the lowest energy structure were identiﬁed and used as starting
points for B3LYP/6-31 + G* geometry optimizations.
Stationary points were conﬁrmed to be minima or saddle
points from the computed vibrational frequencies. Reported energies are electronic energies, computed at the MP2/6-311 + G**
level of theory at the B3LYP geometries, designated MP2/6311 + G**//B3LYP/6-31 + G*, unless noted, and are not corrected
for zero-point energies or thermal energy contributions. The
larger basis set is used to provide a good description of the van
der Waals interactions and polarization of charge. Calculations
were carried out using QCHEM version 4.0[38] and Gaussian.[39]
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The mass spectrum of an aqueous solution of PheSO3, shown in
Fig. 1(a), is very clean, with essentially only peaks corresponding
to PheSO3. Considering the large difference in acidities of
sulfonic and carboxylic acids,[40] it is not surprising that the
sulfonate structure, depicted as PheSO3, is computed (B3LYP/631 + G*) to be more than 20 kcal/mol more stable than the carboxylate structure, similar to what has been reported previously for
sulfated peptides.[41] Although mixtures of ion isomers have been
found for amino acid anions when the acidities of the different
groups are similar,[42,43] the large difference in the acidities of the
carboxylic and sulfonic acids should result in an ion that consists
of a sulfonate charge with separate amino acid moiety. Although
the extent of interaction between the charge and the reactive
group is always a question in these studies, the distance to the
charge is too great for any signiﬁcant interaction to occur. In addition, the saturated carbons that separate the amino acid from the
ring prevent any conjugative interactions with the charge.
Calculations have been carried out to determine the structure of
PheSO3 in the gas phase. A conformational search identiﬁed
more than 20 unique low-energy conformations (within
50 kJ/mol of minimum) of the ion, and all but one which have canonical structures. Qualitative depictions of the ﬁve lowest energy
canonical conformations and the lowest energy zwitterionic structure are shown in Fig. 2. Figure 2 also shows the relative energies of
each stationary point, optimized at the B3LYP/6-31 + G* level of
theory. The most stable conformation has the carboxylic acid moiety anti to the aromatic ring, with a hydrogen bond between the –
OH proton and the amine nitrogen. Indeed, the anti-conformation,
when possible, is generally preferred for the structures examined
in this work. The conformation with the –COOH and aromatic ring
gauche is higher in energy by about 2.5 kcal/mol. Alternate hydrogen bonding arrangements, such as NH– or OH to carbonyl
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Figure 1. (a) ESI and (b) CID mass spectra of PheSO3 . The CID for spectrum was carried out with a normalized collision energy of 25%

Figure 2. Low-energy conformations of the amino acid moiety of

PheSO3 and their relative energies, in kcal/mol, computed at the
B3LYP/6-31 + G* and MP2/6-311 + G** (in parentheses) level of theory

oxygen, or NH to hydroxyl hydrogen, are higher in energy by more
than 4 kcal/mol. The most important conclusion from this computational survey is that the lowest energy zwitterionic structures are
signiﬁcantly higher in energy than the lowest canonical forms.
Figure 2 also shows that the relative energies are similar whether
using either DFT or ab initio methods.

Copyright © 2015 John Wiley & Sons, Ltd.
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Dissociation of PheSO3
spectrum of PheSO3

The CID
is shown in Fig. 1(b). The major fragments observed are readily assigned as resulting from dissociation
of the canonical amino acid backbone. In particular, the main dissociation processes all involve loss of NH3 to form an ion with
m/z 227, which subsequently fragments by loss of either CO, to
form m/z 199, or CO2, to form m/z 183. That the m/z 183 and
199 ions that come from the M–NH3 anion are conﬁrmed by two
additional results. First, although m/z 183 and 199 are major products observed at the energy used for CID in Fig. 1(b), the M–NH3
ion is the only product observed at very low energies, consistent
with a sequential dissociation. Second, CID of the isolated M–NH3
anion, generated either by CID during the ESI injection stage or
by CID in the course of an MS/MS/MS experiment, veriﬁes that it
dissociates by loss of CO and CO2 in a nearly 1:1 ratio as observed
in Fig. 1(b). Therefore, the loss of NH3 is the only pathway that can
be uniquely assigned to PheSO3. Direct loss of CO2, which has
been found previously for pyrolysis of gas-phase amino acids
(Eqn 1),[20] is not observed upon activation of PheSO3.
Although the structure of the M–NH3 product is not known,
the most likely products to consider are those that are stable
products formed by minimal rearrangement. Therefore, the most
likely products are either a cis-cinnamic acid or trans-cinnamic
acid (CASO3), an α-lactone (αLSO3), or the phenyl acrylate
(PASO3). Other products are possible but would require more
extensive rearrangement.
Collision-induced dissociation of deprotonated phenyl alanine
is known to result in formation of cinnamic acid.[44–46] Similarly,
dissociation of PheSO3 by elimination across the ethylene backbone would result in the formation of a cinnamic acid, CASO3,
as shown in Eqn 4. However, multiple lines of evidence argue
against the cinnamic acid. First, ammonia loss from d3-labeled
PheSO3, formed by H/D exchange using a mixture of D2O/
CD3CO2D as the solvent, occurs by loss of ND3 only, and loss of
ND2H, NDH2, or NH3 is not observed to any detectable extent
at any collision energy.

However, cinnamic acid formation from PheSO3 does not require dissociation across the backbone. An alternate mechanism,
as shown in Eqn 5, proceeds via a zwitterionic intermediate.

(5)

Therefore, we have examined the CID behavior of authentic
trans-cinnamic acid and cis-cinnamic acid to compare with the
product obtained from PheSO3. For this experiment, sulfonated
trans-cinnamic acid was formed by ESI of an aqueous solution of
the commercially available sulfonyl chloride, and the cis-cinnamic
acid was formed in situ by CID of the corresponding ethyl ester. A
comparison of the CID spectra of the m/z 227 product obtained
from PheSO3 and the authentic cinnamic acids, measured with
a normalized collision energy of 34%, is shown in Fig. 3. Whereas

(4)

This rules out the possibility of elimination across the backbone as shown in Eqn 4. It is also evidence against other more
complicated rearrangement processes involving non-amino acid
portions of the molecule.

wileyonlinelibrary.com/journal/poc



Figure 3. CID spectra of m/z 227 ions obtained (a) by CID of PheSO3 ,
and from sulfonated (b) cis and (c) trans-cinnamic acid
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all ions lose CO2 as the major fragmentation pathway, signiﬁcant
differences are evident. For example, the CASO3 ions do not lose
CO to any appreciable extent, and lose only SO2 (to form m/z 163)
in addition to losing CO2. Moreover, although the m/z 183 ion
that corresponds to PheSO3–NH3–CO2 is found to lose SO2 upon
CID (vide infra), the CASO3 ions undergo facile loss of CO2 and
SO2 to form m/z 119 in much higher yield than is found for the
M–NH3 ion. Finally, although the authentic CASO3 ions dissociate by loss of CO2, they do so only at energies much higher than
those needed for dissociation of PheSO3. The amounts of the
m/z 163 and m/z 119 products observed in Fig. 3(a), 3(b), and 3
(c) indicate that CASO3 constitutes at most about 5% of the
M–NH3 product.
As shown in Eqn 6, the zwitterionic intermediate could also rearrange through nucleophilic attack at the ipso-position followed
by a Grob-like fragmentation to give PASO3.

(6)

Although PASO3 is likely a relatively stable product, it can be
ruled out for multiple reasons. First, it is inconsistent with the CID
results, in that it cannot readily lose either CO or CO2. Second,
formation of the phenyl acrylate would require a high-energy,
non-aromatic transition state (vide infra). Ultimately, the formation of PASO3 was ruled out by using an authentic sample.
The primary dissociation pathway of PASO3 is loss of the
acryloyl group (CH2¼CHCO) to form the phenoxyl radical, loss
of CO or CO2 does not occur at all (Supporting Information).
In contrast, formation of the α-lactone is consistent with all
data. Formation of the lactone, either by a concerted loss of
NH2–H or through a zwitterionic intermediate (Eqn 7), involves
loss of only the exchangeable protons, and is therefore consistent with the results for the deuterated ions.

unprecedented,[47] and computational studies described herein
predict that it is expected to occur for αLSO3.
Based on these results, we conclude that the M–NH3 ion found
upon CID of PheSO3 is most likely the α-lactone, αLSO3. Although α-lactones are nominally high-energy reactive species,
they have previously been proposed as products in the CID of
α-substituted carboxylates in mass spectrometry experiments,[48–51]
which is essentially how it is shown being formed via the zwitterion in Eqn 7. The difference between the previous studies and this
work is that the α-lactone formed upon fragmentation chargeremote fragmentation of PheSO3 is ionic, and therefore detectable by mass spectrometry. Previous studies of halogenated
carboxylates[48–51] have inferred α-lactone structures based on
the observation of halide products.
Dissociation of the α-lactone, αLSO3
As described in the aforementioned section, the PheSO3–NH3
product, assigned to be the α-lactone (αLSO3), dissociates by
loss of either CO or CO2. Loss of CO from α-lactones is well-known
and predicted to occur with a barrier of about 28–30 kcal/mol[52]
to form the corresponding aldehyde or ketone (Eqn 3). The COloss product obtained upon CID of αLSO3 in this work is found
to undergo further dissociation by loss of 29 mass units, which
we assign to HCO as shown in Eqn 8.

(8)

Dissociation to form the benzyl radical product, BzSO3, is also
observed upon CID of control substrates, such as sulfonated
phenylpropionic acid or phenethylamine (Eqn 9), and so it is
not surprising that it is also observed for the aldehyde.

(9)

(7)

The loss of CO2 has not been reported previously for the gasphase decomposition of α-lactones, although it has been found
to occur, along with decarbonylation, upon photolysis of the
bis-n-butyl-substituted α-lactone in solution,[47] forming the oleﬁn (Eqn 10).
(10)

Loss of CO like that observed here is a well-known decomposition pathway for α-lactones,[24–36] and therefore, loss of CO
from the M–NH3 anion is consistent with the presence of the
α-lactone. Although decarboxylation is generally not considered
a decomposition pathway for that type of structure, it is not
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By comparing CID spectra of the m/z 183 product with an authentic sample (Supporting Information), we have conﬁrmed
that the product formed upon decarboxylation of αLSO3 is similarly the corresponding styrene (Eqn 11).
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Table 1. Computed reaction energies for dissociation pathways of PheSO3 and Phe1
(11)
Relative
energies
Products
In summary, we have found that the dissociation of the gasphase amino acid, PheSO3, results in the formation of an αlactone, αLSO3, which dissociates by decarbonylation to form
the aldehyde, and by decarboxylation accompanied by hydrogen
shift to form the styrene.

DISCUSSION
The results described in the previous section are the ﬁrst studies
of the dissociation of a simple (non-N-substituted), canonical
amino acid in the gas phase. The dissociation pathway for the
amino acid is similar to that observed previously for substituted
alanine[23] and other substituted carboxylic acids,[24–36] but is
very different from what has been reported for glycine derivatives.[20–22] The difference in dissociation pathways between glycine and alanine derivatives has been noted previously[22] but
has not been explained satisfactorily.
That the decomposition of PheSO3 involves only the amino
acid moiety and not the SO3 group is evidence that the sulfonate charge does not participate in the dissociation processes.
Fragmentation of the SO3 group is not even observed for any
of the dissociation products, except for the sulfonated styrene
shown in Eqn 11, which dissociates by loss of SO2. Therefore,
the experimental results indicate that the sulfonate group is
serving extensively as a charge carrier, and does not signiﬁcantly
affect the possible dissociation pathways. Although the dissociation pathway, loss of NH3, is the same as what is found for
deprotonated phenylalanine,[44–46] the product formed with that
ion is deprotonated cinnamic acid. Control experiments in this
work show that cinnamic acid is not formed upon dissociation
of PheSO3. The mechanism proposed for deprotonated phenylalanine[44–46] involves intramolecular proton transfer to the
carboxylate and subsequent proton transfer to the amine, and
therefore, the charge center is extensively involved in the process. The lack of formation of cinnamic acid with PheSO3
suggests that the charge center is not participating in the dissociation process. Deprotonated tyrosine also undergoes CID by
loss of ammonia,[53] possibly via the phenoxide ion.
Electronic structure calculations predict that the sulfonate
charge does not have a large effect on the energies of the reaction
pathways for PheSO3. A comparison of the relative energies of
observed and other possible products in the dissociation of
PheSO3 and neutral phenylalanine, Phe, calculated at the
MP2/6-311 + G**//B3LYP/6-31 + G* level of theory, is shown in
Table 1. Table 1 shows that the relative energies for all the possible
dissociation products for PheSO3 and Phe are very similar, with
differences for the primary process of less than 3 kcal/mol.
Amino acid dissociation
A potential energy surface for the dissociation of PheSO3,
shown in Fig. 4, provides insight into the product selectivity. Because CID is a kinetic process, the most important features of the
potential energy surface are the activation barriers. Therefore,

wileyonlinelibrary.com/journal/poc

Amino acid (reactant)
ArCH2C(CO)CH + NH3 (α-lactone, Eqn 7)
ArCH¼CHCO2H + NH3 (trans-cinnamic
acid, Eqn 4)
ArCH2CH2NH2 + CO2
ArCH2CHO + CO + NH3
ArCH¼CH2 + CO2 + NH3
ArOC(O)CH¼CH2 + NH2

PheSO3

Phe

0.0
47.0
17.7

0.0
44.6
16.4

1.1
34.9
15.9
39.4

-4.6
31.9
11.4
39.0

1

Electronic energy differences between products and the
amino acid reactants, computed at the MP2/6-311 + G**//
B3LYP/6-31 + G* level of theory.



Figure 4. Calculated energetics for the dissociation of PheSO3

(X¼SO3 ) and Phe (X¼H). Values correspond to electronic energies and
geometries calculated at the MP2/6-311 + G**//B3LYP/6-31 + G* level of
theory (a) not a stable geometry; correspond to an amino acid geometry

the same as that for zwitterionic PheSO3 ; (b) computed utilizing a
3 kcal/mol barrier for the reverse reaction, obtained from a relaxed surface scan; see Supporting Information

we have calculated the barriers for NH3 and CO2 loss from
PheSO3 and Phe at the MP2/6-311 + G**//B3LYP/6-31 + G* level
of theory. Despite multiple attempts, we could not ﬁnd any transition states that directly connect the canonical structure of the
amino acid with the expected deamination or decarboxylation
products. However, insight into the mechanism was obtained
from multidimensional potential energy surface calculations
(Supporting Information). We ﬁnd that loss of NH3 or CO2 occurs
effectively by dissociation of the zwitterionic structure, in that
proton transfer from the carboxylic acid to the amino group
occurs very early in the process at energies well below those
required for dissociation.

Copyright © 2015 John Wiley & Sons, Ltd.
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Loss of NH3 from Phe to form the α-lactone is estimated to
have a barrier of about 3 kcal/mol higher than the reaction energy, about 46 kcal/mol. The mechanism for ammonia elimination involves an intramolecular SN2 reaction (Eqn 12), where
the carboxylate displaces the amine leaving group in the zwitterionic structure. Therefore, the dissociation of PheSO3 to form
the α-lactone is analogous to the elimination reactions of αhalocarboxylates that have been reported previously.[50,54–60] In
an ab initio study, Davidson and co-workers[61] found that there
is no barrier in excess of the dissociation energy for the formation of the α-lactone from chloroacetate, whereas a small barrier
was calculated for the zwitterionic structure of Phe in this work.

(12)

The barrier for elimination of NH3 to form the cinnamic acid,
not shown in Fig. 4, is calculated to be 68 kcal/mol, which accounts for why that process does not occur. However, given that
charge-remote fragmentation is analogous to pyrolysis, it is not
surprising that cinnamic acid is not formed, considering that pyrolysis of alkylated amines does not occur by concerned elimination of NH3, but results in the formation of imines.[62] Similarly,
we have calculated the barrier for the formation of the phenyl
acrylate, PASO3, as shown in Eqn 6. Whereas for the neutral
phenyl alanine, we ﬁnd a concerted transition state for the rearrangement accompanied by ammonia loss, the transition state
for the sulfonated version has the ammonia completely dissociated, and is part of a stepwise process. In either case, the barrier
for phenyl acrylate formation is very high, computed to be about
80 kcal/mol from the zwitterion, and 90–100 kcal/mol from the
canonical structure.
Although loss of CO2 from the amino acid is not observed in
this work, it has been reported previously, and therefore, we
have carried out calculations to determine why it does not occur
for PheSO3. Decarboxylation of the zwitterionic structure of Phe
is calculated to occur without a barrier in excess of the dissociation energy, such that the net barrier for the reaction is determined by the energies of the dissociation products. Therefore,
loss of CO2 has a barrier of more than 60 kcal/mol. As shown in
Fig. 4, loss of CO2 would necessarily lead to formation of the
zwitterionic product (the ammonium ylide) and not the
phenethyl amine. Although formation of the amine is exothermic, Alexandrova and Jorgensen[63] have noted that the barrier
for proton shift in the ylide is formally symmetry forbidden and
is therefore expected to have a very high barrier. Consequently,
the formation of the amine from glycine is essentially a sequential, two-step process consisting of decarboxylation followed by
proton transfer, with a proton transfer barrier of approximately
45 kcal/mol for the ylide in aqueous solution.[63] The barrier for
proton shift in the ammonium ylide formed upon decarboxylation of Phe in the gas phase is calculated to be 25.6 kcal/mol,
such that the overall barrier for the formation of the amine upon
decarboxylation of Phe is calculated to be 86.4 kcal/mol. The
higher barrier for proton shift computed for glycine is likely
due to solvent stabilization of the ammonium ylide. Interestingly,
Alexandrova and Jorgensen also calculated a slight (~8 kcal/mol)
barrier in excess of the dissociation energy for the decarboxylation
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step. However, the presence of the excess barrier is also likely a
consequence of explicitly including solvation in the QM/MM approach, and would not be expected in a gas-phase calculation.[64]
The barriers for decarboxylation obtained for glycine by
Alexandrova and Jorgensen[63] and for Phe in this work are
signiﬁcantly higher than what has been reported previously
for the decarboxylation of canonical N,N-dimethylglycine or
N-phenylglycine.[20,21,65] However, the ~42 kcal/mol barriers
suggested in the previous studies do not seem reasonable because they are lower than the energies required for decarboxylation, which we calculate to be 52.3 and 59.6 kcal/mol for
dimethylglycine and N-phenylglycine, respectively. Considering
that decarboxylation leads initially to the ammonium ylide,
and that rearrangement of the ylide to the amine occurs in a
second step and is formally symmetry forbidden, decarboxylation should not occur with an activation energy less than that
required for the formation of the ammonium ylide.
In summary, although loss of CO2 from the amino acid can occur to form the ammonium ylide, formation of the α-lactone is
predicted to be energetically preferred by about 20 kcal/mol.
Consequently, that is the only process that is observed for
PheSO3.
Dissociation of the α-lactone
In this study, we have also been able to investigate the dissociation of the α-lactone, αLSO3. α-Lactones are highly reactive molecules that have been proposed as short-lived intermediates in a
variety of chemical reactions, often involving α-substituted carboxylates[50,54–60] or α,β-unsaturated acids,[66,67] in the photolysis
of cyclic peroxides[47,68–71] and α-halocarboxylic acids,[72] in the
oxidation of ketenes,[73] or in the gas-phase dissociation of
α-substituted carboxylic[24–29] or in the decomposition of amino
acids.[23,74] They have also been proposed as intermediates in atmospheric oxidation reactions[75,76] in mass spectrometry,[77–80]
and as products of the reaction of carbenes with CO2.[81–85] Despite being highly reactive, α-lactones have been investigated
spectroscopically by using matrix isolation,[82–84] gas phase,[86]
and solution-phase time-resolved IR.[85] There has long been
a discussion regarding the electronic structure of α-lactones,
and whether they are best considered to be cyclic, canonical
structures[56,58–60] or zwitterionic,[55] although those discussions
generally relate to the structure in solution. The calculated structures of gas-phase α-lactones have exceptionally long (~1.55 Å)
and weak[87] Cα–O bonds, and even in the gas phase, there is considerable ionic character.[87]
α-Lactones are highly reactive, and react rapidly by polymerization, by nucleophilic addition, or by decomposition.[88] Although an early photolysis study reported dissociation by loss
of CO and CO2,[47] more recent studies of α-substituted carboxylic
acid pyrolysis that proceeds through α-lactone intermediates[24,25,30–36] have reported dissociation only by loss of CO. In
this work, we observe loss of both CO and CO2 from the α-lactone,
in similar amounts (if anything, CO2 loss is slightly favored). As described earlier, loss of CO occurs to form the aldehyde, as expected, whereas loss of CO2 results in the formation of the
styrene (Eqn 10).
Computed potential energy surfaces for the decomposition
channels are shown in Fig. 5. The barriers for CO loss from the
α-lactone derived from PheSO3 and Phe are predicted to be
about 30 kcal/mol, similar to that predicted for alkyl-substituted
α-lactones.[52] Determining the barrier for styrene formation is
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respect to decarboxylation in the gas phase. The coupling of hydrogen migration and leaving-group loss is analogous to what
has been proposed for the Schmidt reaction,[94] and has been observed previously in reactions such as the elimination of protonated ethers[98,99] and acetates.[100]

(14)





Figure 5. Calculated energetics for the dissociation of αLSO3 (X¼SO3 )
and the non-sulfonated derivative (X¼H). Values correspond to electronic energies and geometries calculated at the MP2/6-311 + G**//
B3LYP/6-31 + G* level of theory, unless indicated (a) not a stable geometry; corresponds to the geometry of the lactone with the CO2 removed

more difﬁcult. The experimental observation that CO and CO2
are formed similarly indicates that the barriers for the two processes are similar. Therefore, a stepwise mechanism consisting
of decarboxylation to form the carbene followed by hydrogen
shift likely has a barrier that is too high to compete with CO loss
(Fig. 5). Considering that decarboxylation of β-lactones results directly in the formation of the oleﬁn and occurs with moderate
energy barriers,[89,90] we explored the possibility of a mechanism
involving the dyotropic shift[91–94] to the β-lactone[95] followed
by decarboxylation (Eqn 13a). However, the search for the transition state for α-lactone to β-lactone rearrangement did not give a
structure for a dyotropic process, as shown in 10a, but instead
gave a structure that consists of 1,2-hydrogen shift without assistance of the carboxylate anion, as shown in Eqn 13b. The structure shown in Eqn 13b was conﬁrmed to be a saddle point by
vibrational analysis, and an intrinsic reaction coordinate calculation[96,97] ﬁnds that it is a transition state that connects the
α-lactone with the styrene and CO2.

(13a)

The computed barriers for decarboxylation of the α-lactone
are 32.1 kcal/mol for αLSO3, and 42.1 kcal/mol for the non-ionic
system, indicating that the sulfonate is having a large effect on
the stability of the transition state. Because the charge of the sulfonate group does not delocalize into the π-system of the ring
via conjugation, the stabilization of the transition state is likely
an inductive effect that stabilizes the formation of the benzylic
cation. The effect would be expected to be stronger for an ionic
group that is conjugated with the aromatic ring, such as an O
group of a phenoxide (Eqn 15), which accounts for why the
phenoxide ion obtained from deprotonating tyrosine loses NH3
and CO2 as the main dissociation channel, and an M–NH3–CO
ion is not observed at all.[53]

(15)

The calculated barriers for decarboxylation and decarbonylation
of the ionic and non-ionic substrates are consistent with the experimentally observed results. The large difference in barrier heights
for the non-ionic lactone accounts for why loss of CO is generally
the only observed channel in pyrolysis experiments. However, for
αLSO3, the computed barriers for loss of CO and CO2 are very similar, which accounts for why the products are observed in nearly
equal amounts. As shown in Eqn 15, the resonant interaction between the charge site and the benzylic site in deprotonated tyrosine is expected to strongly favor the CO2 loss channel. Finally,
preliminary results with para-trimethylammonium-substituted
Phe ﬁnd that the corresponding α-lactone dissociates only by loss
of CO, consistent with electrostatic destabilization of the benzylic
cation.

CONCLUSIONS
(13b)

The 1,2-hydrogen shift mechanism shown in Eqn 13b is facilitated by the high degree of polarization expected for the α-lactone
(Eqn 14),[87] and by the fact that the β-cationic carboxylate (β(+)–
CO2) that would result from hydride transfer is unstable with
wileyonlinelibrary.com/journal/poc

By using an ion with the charged moiety isolated from an amino
acid, we have been able to utilize mass spectrometry to investigate the chemical properties of a gas-phase amino acid. In this
work, we have characterized the decomposition pathways for a
phenylalanine derivative. The only observed pathway is loss of
ammonia, to form an α-lactone. This reaction is similar to what
has been observed previously for pyrolysis of N-substituted alanines[23] and other α-substituted carboxylic acids,[24–36] but is inconsistent with what has been reported for pyrolysis of glycine
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derivatives.[20–22] The main difference between the studies that
ﬁnd deamination[23] (including this work) and those that ﬁnd decarboxylation to occur[20–22] is our work and that of Al-Awadi
et al.[23] involve a direct investigation of the gaseous amino acid,
whereas Chuchani and co-workers have tried to generate the
amino acid in situ by pyrolysis of the corresponding ethyl esters.
Considering that the computational results in this work and by
others[63] have shown that decarboxylation of gaseous amino
acids to form the amine has a prohibitively high barrier, the
products that correspond to decarboxylation of the amine are
likely formed via a pathway not involving the amino acid.
The α-lactone that is formed from the amino acid in this work
undergoes dissociation by loss of CO and CO2. Although loss of
CO is expected, the loss of CO2 has generally not been reported
in reactions involving α-lactones. However, given the calculated
relative barriers for CO and CO2 loss, decarboxylation should occur, to some extent, in α-lactones containing a β-hydrogen that
can shift during lactone ring-opening, similar to the reaction
shown in Eqn 13b. It may be that the formation of the benzylic
cation may facilitate the hydride shift reaction, although decarboxylation has been observed for a completely aliphatic derivative (Eqn 9).[47] The results of this work and that reported
previously for deprotonated tyrosine show that stabilization of
the β-cation can affect the branching ratio for CO versus CO2
loss. Therefore, just as anionic stabilization of the transition state
favors CO2, the presence of a cationic group would be expected
to disfavor decarboxylation, and favor loss of CO, which is what is
observed in preliminary studies.
Finally, the results of this study show that mass spectrometry
can be used to investigate the properties of canonical amino
acids. Whereas this is a new approach for the investigation of
gas-phase amino acids, the use of an inert, remote charge to investigate neutral chemistry is not new and is similar, in principle,
to the distonic ion approach used by Kenttämaa and coworkers[101] to examine the reactivity of aromatic radicals. In
the same way, it should be possible to use mass spectrometry
to investigate further the reactivity of gas-phase amino acids,
and investigate the effects of structure and solvation.
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Ion–molecule reactions in a ﬂowing afterglow are used to examine the electronic structure of 3- and
4-pyridinylnitrene-n-oxide radical anions. Reactions with nitric oxide are generally similar to those
reported previously for other aromatic nitrene radical anions. In particular, phenoxide formation by
nitrogen–oxygen exchange is observed with both isomers. Oxygen atom abstraction by NO is also
observed with both isomers. Very signiﬁcant differences in the reactivity are observed in the reactions of
the two isomers with carbon disulﬁde. The reactivity of the 3-n-oxide isomer with CS2 is similar to that
observed previously for nitrene radical anions, and reactions of the n-oxide moiety are not observed,
similar to what is expected based on solution chemistry. The 4-n-oxide isomer, however, undergoes many
reactions, including oxygen atom and oxygen ion transfer and sulfur–oxygen exchange, that involve the
n-oxide oxygen. The increased reactivity of the oxygen is attributed to increased charge density at the
oxygen due to pi electron donation of the nitrene anion in the para position.
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1. Introduction
Nitrene radical anions are a fascinating class of hypovalent ions.
Despite their unusual electronic structures, isoelectronic with
carbene radical anions [1–6], they are surprisingly easily generated
in mass spectrometry, cleanly and in high abundance, by simple
electron ionization of azide-substituted precursors [7–20].
Although azides are considered potentially explosive, given the
recent interests in azides as reagents in “click” chemistry [21–24]
they are commonly being synthesized and utilized in chemical
applications, and, in principle, any of these derivatives could be used
as precursors of nitrene radical anions. However, despite how easily
the ions are to form, few studies of nitrene radical anions have been
reported, and many of those reported have focused on the use of
the anions as precursors for photoelectron/photodetachment
spectroscopy studies of the corresponding nitrenes [9–14].
Nevertheless, some studies have addressed issues of electronic
structures of nitrene radical anions. The simplest nitrene radical
anion, HN, has been well-studied experimentally [25–31] and
computationally [32]. Isoelectronic with OH, the HN ion is found
to have a 2P electronic ground state. Ellison and co-workers [14]
discussed the electronic structure of methyl nitrene radical anion,
CH3N, which has a 2E ground state, but, like CH3O, undergoes a
Jahn–Teller distortion [33,34].

* Corresponding author. Tel.: +1 765 494 0475.
E-mail address: pgw@purdue.edu (J.S. Poole).
http://dx.doi.org/10.1016/j.ijms.2014.07.017
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The electronic structures of phenylnitrene anions have been
discussed in the context of photoelectron [12,13] and photodetachment [9–11] spectroscopy studies, and have been examined
by electronic structure calculations [13]. The planar phenylnitrene
anion, PhN, has an electronic structure that consist of three
electrons in the two non-bonding molecular orbitals (NBMOs) of
PhN, which consist of an in-plane, s orbital, and a benzylic-like
p orbital (Fig. 1). Unlike the case in C3v methylnitrene, the orbitals
in PhN are not degenerate, and therefore there are two possible
electronic states that can be created, corresponding to s2p (2B2)
and p2s (2B1). For substituted systems where the symmetry of the
system is reduced to Cs, the electronic states correspond to 2A00 and
2 0
A , respectively. B3LYP calculations with large basis sets
predict that the ground states of PhN and chloro-substituted
derivatives [13] are all p2s, with the s2p states lying approximately 0.5 eV higher in energy.
Benzoylnitrene radical anion, BzN, has been examined
computationally and experimentally [18–20]. Like PhN, the
ground state of BzN is predicted to be p2s (2A0 ), but the relative
energy of the s2p state (28 kcal/mol) is predicted [18] to be much
higher than that in PhN, reﬂecting a greater preference for the
[TD$INLE]
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Fig. 1. Non-bonding molecular orbitals in phenylnitrene.

carboxylate-like anion over having the charge localized on a
nitrogen s orbital. Chemical reactivity of the BzN is consistent
with the open-shell structure. In particular, reaction with NO
results via radical–radical coupling to give nitrogen/oxygen
exchange (Eq. (1)), leading to the formation of benzoate anion
and N2.

(1)

In this study, we report an investigation of the reactivity of the
3- and 4-pyridinylnitrene-n-oxide radical anions, 3PNO and
4PNO, respectively. The pyridine-N-oxide is an interesting
structural motif. The formal pyridinium can nominally be viewed
as an
[TD$INLE]

[TD$INLE]electron-acceptor, but the adjacent oxide can act as a p donor, such
that the electronic effect of the N-oxide is dependent on the extent
of beneﬁt that can be created, via electron donation or acceptance.
However, the resonance effect of the n-oxide can only occur with
the nitrene nitrogen at the 4-position, and not at the 3-position.
Moreover, for 4PNO, there are two types of stabilization that can
be envisioned to result from interaction between the nitrene
radical anion and the N-oxide, shown in Fig. 2. In the p2s state, the
pyridinium can serve as an electron
pair acceptor, and the system can potentially be stabilized by
contribution from the quinone-like structure. Similarly, the s2p
state can be stabilized by radical delocalization, creating a highly
stable nitroxyl radical. Electron delocalization in either state is
such that it eliminates the formal charge separation of the
n-oxides, which could provide additional stabilization.
We have carried out a computational study of the electronic
structures of 3PNO and 4PNO, and an experimental investigation
of their reactivity. Surprisingly, despite the possible interactions
between the nitrene radical anion and N-oxide in 4PNO, we do not
ﬁnd signiﬁcant differences in the computed electronic structures or
reactivities of the two isomers in the reaction with NO. However, a
dramatic difference between the ions is found in the reaction with
CS2, as the 4-isomer undergoes reactivity that is not observed for the
3-isomer, attributed to differences in accessibility of the oxide end
of the ion toward reaction. The results indicate that the resonance

Fig. 2. Resonance structures of the P2s and s2P states of 4PNO.

interaction between the nitrene anion center and the n-oxide
increases the nucleophilicity of the oxygen in the n-oxide moiety.
2. Methods
2.1. Experimental procedures
The ﬂowing afterglow used in the investigation has been
previously described [35]. Brieﬂy, 3PNO and 4PNO radical
anions are generated in upstream end of ﬂow tube by electron
ionization of corresponding azide precursor. The ions are cooled to
ambient temperature (298 K) and carried downstream by helium
buffer gas (0.400 Torr, ﬂow (He) = 190 STP cm3/s), and are allowed
to undergo ion–molecule reaction with neutral reagent vapors. The
product ions are sampled through a 1 mm oriﬁce into a lowpressure triple–quadrupole mass ﬁlter and detected with an
electron multiplier. Reactions with mass selected ions can be
carried out in the second quadrupole (Q2). Reactions in Q2 were
used to verify the reaction products observed in the ﬂow tube. In
these experiments, the Q2 dc pole offset was kept very low (1–
2 V, laboratory frame) to minimize the possibility of translationally
driven reactions. The energy dependencies of the observed
reaction products were examined to ensure that their intensities
are maximized at nearly thermal collision energies and drop off at
higher energies as expected for exothermic processes.
Reaction kinetics are determined by monitoring the depletion
of reactant ion as a function of neutral ﬂow rate for sample
introduced at a ﬁxed distance from the nose cone. Pseudo-ﬁrst
order reaction rate constants, krxn, are obtained from a logarithmic
plot of ion depletion vs reagent ﬂow rate. Reaction rates are
reported as reaction efﬁciencies (eff), which are the ratios of the
measured rate constant to the collisional rate constant,
kcoll, calculated by using the parameterized-trajectory method
described by Su and Chesnavich [36]. Absolute uncertainties
in measured rate constants are estimated to be 50%. Branching
ratios in reactions with multiple observed products are
determined by measuring the branching ratios at multiple
neutral ﬂow rates, and extrapolating to zero reagent ﬂow.
Uncertainties in branching ratios are estimated to be 10% on
an absolute basis.
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introduction, aromatic nitrene radical anions can have either p s
or s2p electronic structures. Previous studies of substituted
phenylnitrene anions [13] have found that the p2s states are
favored. However, as shown in Fig. 2, resonance interactions within
the states could affect the relative energies.
At the B3LYP/6-31 + G* level of theory, both 3PNO  and 4PNO
are predicted to have robust p2s ground states. The 2B1 state of
4PNO is calculated to be 13.2 kcal/mol lower in energy than the
2
B2 state, whereas the 2A0 state of 3PNO is predicted to be
16.0 kcal/mol lower in energy than the 2A00 state. The small
difference in state energies of the sp2 can likely be attributed to
the preferential stability of the nitroxyl radical (Fig. 2), but that
stabilization is not large enough to overcome the beneﬁts of
charge delocalization. Nonetheless, the presence of the n-oxide
group is not calculated to alter the ground state of the nitrene
anion.
2

2.2. Materials
The azidopyridine-n-oxide precursors were prepared using
published procedures [37–39]. The synthesis and characterization
of the samples used in this work has been reported previously [40].
Other materials were obtained from commercial suppliers and
used as received.
2.3. Computational methods
Structures and energies of the p2s and s2p states of 3PNO
and 4PNO, NO, CS2 and possible reaction products were
calculated at the B3LYP/6-31 + G* level of theory. Reaction energies
correspond to differences in electronic energies between reactants
and products, and are not corrected for zero-point energies or
thermal energy differences. Calculations were carried out by using
QChem [41], using the resources of the Center for
Computational Studies of Open-Shell and Electronically Excited
Species (iopenshell.usc.edu).
3. Results and discussion
In this section, we report the results of ﬂowing afterglow
studies of the reactivity of 3PNO and 4PNO with nitric oxide
(NO) and carbon disulﬁde (CS2). These reagents have been shown
previously [18] to form characteristic products with nitrene radical
anions. For example, the N–O transfer that occurs in the reaction of
BzN with NO (Eq. (1)) also occurs with PhN, resulting in the
formation of phenoxide anion [18]. With CS2, aromatic nitrene
anions have been found to react by addition, and by C and CS
abstraction to form S2 and S, respectively. Similar reactions
should be expected for 3PNO and 4PNO.
3.1. Ion formation
The 3PNO and 4PNO radical anions are formed in high yields
by dissociative electron attachment to the corresponding azides,
with m/z 108 (Eq. (2)).

3.3. Reactivity studies
The results of our reactivity studies of ions 3PNO and 4PNO
are shown in Table 1. Overall, there are no measurable differences
in the rates of the reactions for the two isomers. The efﬁciencies of
the reactions with NO (approximately 0.2) are much higher than
those found for reaction with CS2, but similar to that reported
previously for the reaction of NO with BzN (eff = 0.15) [18].
Although there are no differences in the reaction rates for the two
isomers with these reagents, there are very large differences in the
observed products. In the sections below, we consider the
differences in the products that are formed.
3.3.1. Reaction with NO
With nitric oxide, both 3PNO and 4PNO are observed to
undergo N–O exchange, similar to what is observed with PhN and
BzN [18]. Many additional products are observed for the reaction
of 3PNO with NO, but, as shown in Table 1, they are assigned to
secondary fragmentation of the phenoxide anion. Possible product
structures are shown in Eq. (3)

(2a)

(3).
[TD$INLE]

[TD$INLE]

(2b)

The most signiﬁcant impurity observed in these experiments
(with both isomers) is an ion with m/z 92, which is presumably the
non-oxidized pyridinylnitrene radical anion. The relative signal of
the m/z 92 ion is variable from day to day, but decreases with time
during the course of an experimental run, indicating that it most
likely results from ionization of a non-oxidized azidopyridine
impurity.
3.2. Ion electronic structures
Before addressing the reactivity results, we ﬁrst consider the
computed electronic structures of the ions. As described in the

[TD$INLE]

A notable difference in the reactivity of 3PNO and 4PNO with
NO is that reaction with 4PNO leads to signiﬁcant amount of
adduct ion, whereas only a trace is observed with 3PNO. NO
addition was not reported for either PhN or BzN [18], and is
generally associated with reactions of closed-shell anions [42,43],
Unfortunately, the structures of the NO adducts are not known.
However, charge distribution calculations reported below ﬁnd that
there is more charge on the oxygen in 4PNO than in 3PNO,
which raises the possibility that the difference in the extent of
adduct formation is due to 4PNO forming an adduct at the
oxygen, as opposed to at the nitrogen.
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Table 1
Reaction efﬁciencies and product branching ratios for reactions of 3PNO and
4PNO with NO and CS2
Reagent
NO

CS2

Result

Ion assignment

3PNO–

4PNO–

[M + NO]
[M + NO  N2]
[M + NO  N2  CO]
[M + NO  N2  NO]
[M + NO  C3H3  N2]
[M + NO  NO2]

0.21
<1%
44%
21%
20%
14%
Yc

0.20
18%
82%
Nb
Nb
Nb
Yc

[M + CS2]
S 2
S
SCN
[M + CS2 – CSO]
[M  O]

0.03
83%
15%
<1%
2%
Nb
Nb

0.02
77%
15%
<1%
2%
7%
Yc

a

Eff
m/z
m/z
m/z
m/z
m/z
m/z

138
110
82
80
61
92

Effa
m/z 152
m/z 64
m/z 32
m/z 58
m/z 124
m/z 92

(5)

Evidence for the formation of CS2O comes from the isotopic
distribution of the product. Fig. 3 shows a mass spectrum of 4PNO
taken on an exceptionally clean day (with minimal m/z 92
contamination), with and without the addition of CS2. The
background signal of m/z 92 in the spectrum is less than 10 kcps.
However, upon addition of CS2, the signal increases to nearly
100 kcps. Most importantly, the signal at m/z 94 also increases, to
nearly 8% of the m/z 92 signal, which agrees well with the value of
9% expected for CS2O. Therefore, the M + 2 isotope peak indicates
that there is sulfur present in the m/z 92 ion.
However, reactivity evidence suggests the presence of 4PyN as
well. Fig. 4 shows the mass spectra for reaction of m/z 92 ion,
formed by reaction of 4PNO with CS2, with NO. The formation of
m/z 94 is clear evidence for the presence of a nitrene radical anion,
4PyN.
Computationally, both reactions are calculated to be energetically
favorable. At the B3LYP/6-31 + G* level of theory, the formation of
CS2O and the triplet pyridinylnitrene (Eq. (5)) is computed to be
exothermic by 72 kcal/mol, or more than 3 eV! For oxygen atom
transfer, there are multiple thermochemically accessible pathways.
Direct transfer to form CS2O (Eq. (6a)) is computed to be exothermic
by 7.7 kcal/mol. A second pathway, shown in Eq. (6b), involves the
formation of CO + triplet S2, and is computed to be exothermic by
9.9 kcal/mol.
[TD$INLE]

a

Reaction efﬁciency, which corresponds to kexp/kADO.
Not observed for this isomer.
Product is observed in Q2, but the ﬂow tube branching ratio cannot be
determined due to the presence of impurities.
b
c

Both n-oxide anions are found to react with NO by oxygen atom
transfer to form the pyridinylnitrene radical anion, as shown for
4PNO in Eq. (4). Although the branching ratios for these reactions
in the ﬂow tube cannot be determined due to the presence of
impurity in ions, they were veriﬁed as products by using the
reaction of NO with mass-selected ions in Q2.

(4)

[TD$INLE]

The identity of the m/z 92 is not known unequivocally. Although
the ion with m/z 92 could be the pyridinylnitrene radical anion,
there is a second possibility. The ion CS2O is isobaric with the
pyridinylnitrene radical anion, and could, in principle be formed by
oxygen-anion transfer with 4PNO, as shown in Eq. (5). Our
experimental results suggest both structures are present.

If the N  O BDEs in 3PNO and 4PNO are similar to that in
pyridine-n-oxide (approximately 72 kcal/mol) [44], then the
oxygen atom transfer reaction would be essentially thermoneutral.
Alternatively, given that the reaction is carried out in Q2, albeit
under very low energy conditions, the oxygen atom transfer could
be slightly endothermic and translationally driven.
3.3.2. Reaction with CS2
Although the rates at which 3PNO and 4PNO react with CS2
are similar, there are signiﬁcant differences between the reaction
products. In particular, some products observed with 4PNO
involve loss of the oxygen atom, and these products are not
observed with 3PNO. One product involving the oxygen is
observed at m/z 124, which is 16 Da higher than the reactant. The
most likely assignment for this product is that it arises from
addition of sulfur and loss of oxygen, i.e., a sulfur–oxygen
exchange. The resulting products would be the n-sulﬁde and
carbonyl sulﬁde, OCS.
The ion signal at m/z 92 is also likely due to the reaction involving
oxygen. As in the reaction with NO, we are unable to quantify the
yield of the m/z 92 product due to background presence of the
pyridinylnitrene radical anion. However, considering 4PyN is also
observed to react with CS2, it appears that m/z 92 is, in fact, formed in
relatively high yield (comparable to the yield of S2). This is also
indicated by the results on “clean” days, where the mass spectrum
includes minimal amounts of the impurity. The formation of m/z 92
in the reaction of 4PNO with CS2 was also conﬁrmed by using
mass-selected ions in Q2.

(6a)

[(Fig._3)TD$IG]

Fig. 3. The m/z 92 region of the mass spectra of 4PNO before (dashed) and after
(solid) addition of CS2.
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[(Fig._4)TD$IG]

Fig. 4. The m/z 92 region of the mass spectra of 4PNO reaction with CS2 (dashed)
and after addition of NO (solid).
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As noted above, sulfur–oxygen exchange is also observed in the
reaction of CS2 with 4PNO. The mechanism of sulfur–oxygen
exchange likely involves a ﬁrst step similar to that for oxygen atom
or ion transfer, addition of the oxygen to the center carbon of CS2,
as shown in Scheme 2. However, instead of forming the disulﬁde
bond as in dithiiranone formation, a N
S bond is formed.
Alternatively, homolytic cleavage of the NO bond in the CS2
adduct would result in formation of CS2O. Therefore, all three
reaction pathways (oxygen atom transfer, oxygen ion transfer,
oxygen–sulfur exchange) occur addition of the oxygen to CS2.
A small amount of NCS product is observed in the reaction of
CS2 with both 3PNO and 4PNO. NCS has been observed
previously in reactions of CS2 with closed-shell, nitrogen-based
anions [43,51,52], but has not been reported previously for
reactions of open-shell anions. The mechanism is presumably
similar to that shown in Scheme 2, although occurring at the
nitrogen. The other products observed with CS2 (S, S2 and CS2
adduct) are similar to those observed previously with nitrene
radical anions [18].
3.4. Comparison of isomers: oxygen nucleophilicity

]NELID$[T
(6b)

Regardless of which reaction occurs, oxygen atom transfer to
form 4PyN or oxygen ion transfer to form CS2O, they both involve
reaction at the oxygen. Deoxygenation of tertiary-amine-n-oxides
in solution [45–47] has been proposed to occur by a mechanism
such as that shown in Scheme 1, leading to the formation of the
dithiiranone as in Eq. (6a). In solution, the dithiiranone can be
hydrolyzed to CO2 + HSSH [45] or can be utilized as a sulfur transfer
reagent [48].
In the gas phase, direct reaction of oxygen atom with CS2 gives
CS + SO as the major products [49]. However, CO has also been
observed in the reaction [50], indicating that CO + S2 is a possible
decomposition pathway of CS2O. In fact, CO + S2 is energetically the
most favored pathway [49] but is slow because there is a slight
(6.6 kcal/mol) barrier [49] for the initial formation of CS2O. However,
this barrier can be overcome in the reaction of CS2 with 4PNO by the
energy released upon formation of the initial ion/molecule complex
in combination with the oxygen atom transfer exothermicity.
Therefore, oxygen atom transfer to form CO and S2 products should
be energetically accessible for 4PNO. Formation of CS + SO is
approximately 3 eV less favorable [49] than formation of CO + S2 and
is therefore highly endothermic in the reaction of 4PNO with CS2.

]NELID$[T

There are signiﬁcant differences in the reactions that occur
between ions 3PNO and 4PNO and CS2. Speciﬁcally, 4PNO
undergoes sulfur–oxygen exchange and oxygen-atom and/or
oxygen-anion transfer reactions that are not observed with 3PNO.
The common feature of these reactions is that they all involve
initial nucleophilic attack of the oxygen in the anion at the carbon
of the carbon disulﬁde. The fact that 4PNO undergoes reaction at
the oxygen whereas 3PNO does not reﬂects important differences
in their electronic structures.
The best example that illustrates the electronic structure
differences between the ions is the oxygen-transfer reaction
with CS2. Although carbon disulﬁde is known to deoxygenate
tertiary-amine-n-oxides [45], the reaction is generally not
observed with aromatic-n-oxides. Therefore, the lack of oxygen
transfer with 3PNO is consistent with the expectation that the
substituent in the meta position does not interact with the n-oxide
moiety. Similarly, the nitrene anion para to the n-oxide can serve as
a p-donor, as shown in Fig. 2, which makes the oxygen in the p2s
state more nucleophilic. Hammett analysis of the deoxygenation of
aniline-n-oxides in solution has shown [45] that the reaction is
favored by strong electron donating substituents, which increase
the nucleophilicity of the oxygen. Apparently, the nitrene radical
anion is such a strong p-electron donor that it even enables oxygen
transfer in the normally inert aromatic-n-oxides.
The difference in the reactivity cannot be attributed to
differences in overall thermochemistry for the reactions. All of

[(Schem_2)TD$FIG]

[(Schem_1)TD$FIG]

Scheme 1.

Scheme 2.
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Fig. 5. Calculated distributions in 3PNO, and 4PNO and pyridine-n-oxide.
Charges on hydrogen have been summed into heavy atoms.

the reactions observed for 4PNO are also computed to be
exothermic for 3PNO, although they do not occur. For example,
the sulfur–oxygen exchange reaction observed for 4PNO
(Scheme 2) is computed to be exothermic by 45 kcal/mol. Similarly,
the sulfur–oxygen exchange reaction for 3PNO is computed to be
exothermic by 37 kcal/mol, but does not occur at all. Therefore, the
difference in reactivity is more likely due to kinetic differences that
result from differences in electronic structure.
The increased nucleophilicity of the oxygen in 4PNO apparent
in the reactivity studies is consistent with the computed charge
distributions in the p2s states. The B3LYP/6-31 + G* computed
Mullikin charges at the heavy atoms in 3PNO and 4PNO are
shown in Fig. 5.
Although both ions have increased charge density at the oxygen
than is found in pyridine-n-oxide there are some differences in
charge densities at the carbon atoms, the most signiﬁcant
difference is for the oxygen, where the calculated charge is larger
in in 4PNO than in 3PNO, which accounts for the increased
reactivity at that site. Increased reactivity at the oxygen accounts
for the observation of either oxygen atom (Eq. (6)) or oxygen ion
(Eq. (5)) transfer with CS2.
As suggested above, the difference in the charge density at the
oxygen may also account for the difference in the extent of adduct
formation with nitric oxide. This is most likely the case if the
adduct is an electrostatic complex. However, as noted, the
structure of the adduct is not known. Aside from the extent of
adduct formation, there is little difference in the reactivity of with
nitric oxide. The differences in the observed products can be
attributed to differences in the ability of the resulting phenoxide
ion to fragment.
4. Conclusion
The reactivity of 3PNO and 4PNO, particularly with CS2, show
that there are signiﬁcant differences in their electronic structures,
which can be understood as resulting from the resonance
interaction between the nitrene anion and the n-oxide moiety
in 4PNO, and the lack thereof in 3PNO. In the p2s state, the
monovalent nitrogen anion is a strong p electron donor, which
increases the charge density on the oxygen, as shown in Fig. 2. The
result is consistent with the conclusions based on condensedphase studies that oxygen atom transfer is favored by p-donors
[45]. However, the reaction has not been observed previously for
aromatic n-oxides. This work shows that oxygen atom transfer for
aromatic n-oxides can occur with sufﬁciently strong p donors. The
differences in the electronic structures of 3PNO and 4PNO do
not result in differences in reactivity with NO, although there are
differences in the stabilities of the resulting products.
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